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Abstract 
Pulp and paper mills use various processes to produce the desired grade of 
pulp and paper. The various stages involved are wood preparation, pulping, 
bleaching and washing. Out of these steps, the pulping process is the main 
source of wastewater. Kraft pulping is the main process for producing pulp. This 
thesis is about treating wastewater generated from the kraft process. 
Wet Air Oxidation (WAO) and Catalytic Wet Air Oxidation (CWAO) are 
advanced oxidation processes used to treat wastewater with a high organic 
content and in particular wastewater containing toxic components that cannot 
be treated using biological processes. WAO operates at high temperature and 
high pressure (up to 320 °C and 20 MPa). WAO is a c lean technology as it 
produces harmless water and carbon dioxide as the final products. The high 
temperatures necessary for efficient WAO however requires expensive 
infrastructure and leads towards expensive maintenance costs. In CWAO a 
catalyst is used to reduce the severe temperature and pressure requirements of 
the WAO process. 
Two extensive reviews in the research field of WAO and CWAO have identified 
the need for the synthesis of innovative catalysts and the study of catalytic 
activity and catalyst stability under typical WAO conditions.  This thesis was 
comprised of research on the two aforementioned main areas of research  
Three different classes of catalysts were investigated: 
1) Homogeneous catalysts 
2) Conventional alumina and kaolin supported metal oxide catalysts  
3) Advanced nano catalysts 
x 
WAO and CWAO studies were conducted using a model organic compound, 
ferulic acid, which is similar to one of the subunits of lignin the main organic 
found in pulp and paper mills effluent. Studies were also conducted on actual 
pulp and paper mills effluent. 
An extensive literature review was conducted and is documented in chapter 1. 
Chapter 2 gives details on all of the experimental procedures followed and 
methods used in this study.    
In chapter 3, nine homogeneous transition metal catalysts were tested at 
different concentrations for CWAO of ferulic acid. The activity of the catalysts 
(in terms of total organic carbon (TOC) removal)  was as follows : Cu+2 > Fe+2 > 
Mn+2 > Ce+2 > Bi+2 > Co+2 > Zn+2 > Mg+2 >  Ni+2. Based on these results, nine 
alumina and kaolin supported single metal and multi metal copper oxide based 
catalysts were prepared and their activity and stability was studied. Of the 
catalysts tested Cu-Ni-Ce-Al2O3 was observed to be the most active whilst also 
having a reasonable amount of stability. The Cu-Mn-Al2O3 catalyst was the 
most stable catalyst and second best in terms of activity. Tests to investigate 
the catalytic mechanisms of these catalysts confirmed that CWAO using these 
catalysts was mainly dominated by heterogeneous catalysis and not 
homogeneous catalysis due to leached metal ions. It was also found that the 
mechanism of oxidation using the Cu-Ni-Ce-Al2O3 catalyst involved an initial 
adsorption step. Catalysts recycling studies showed that the Cu-Ni-Ce-Al2O3 
catalyst still displayed significant activity up to the fourth re-use. The effect of 
solution pH on the stability of the prepared catalysts was investigated. It was 
observed that solution pH had a significant effect on the stability of any 
xi 
particular  catalyst tested. It was also observed that catalyst composition and 
structure have substantial effects on catalyst stability. Copper based catalysts 
that contained manganese were found to be considerably more stable in terms 
of the amount of copper leached.  
In chapter 4, novel routes for synthesis of supported copper nano catalysts 
were investigated. Galvanic replacement reactions were performed using 
copper salts and nickel foil. The prepared catalysts were characterised using 
TEM, SEM, Auger Imaging and XRD analysis. It was confirmed that the 
deposited copper was in nano form and mostly as copper oxide. The 
synthesized catalysts were used for CWAO of ferulic acid and much faster 
kinetics were observed compared to conventional alumina and kaolin supported 
copper oxide catalysts. A relationship between the structure of the nano 
catalysts and catalyst stability was observed. Catalysts prepared over 4 hours, 
which had perforated ball like structure, had the highest amount of copper 
loading (as compared to catalysts prepared over 30 min, 1 hours, 2 hours, and 
8 hours) whilst also having the highest level of resistance to copper leaching. 
Catalyst re-cycling studies showed that the catalysts lost almost all activity after 
one test.  
In chapter 5, selected catalysts from chapter 3 and chapter 4 were used for 
CWAO of pulp and paper mill effluent. It was observed that none of the 
catalysts had any significant activity under the conditions used (190 °C, initial 
solution pH of 13.1). Tests conducted using a lower initial solution pH of 5.0 
showed little improvement in terms of activity over WAO (56% for CWAO vs. 
49% for WAO for Cu-Mn-Al2O3 catalyst) whilst high leaching of the catalyst was 
xii 
also observed. Hence, it was concluded that the developed catalysts would not 
be suitable for treating this particular wastewater.  
In chapter 6, a conceptual process design for the treatment of pulp and paper 
mills effluent is proposed which consists of two major steps. 1) pH pre-
adjustment 2) WAO at 190 °C. A Hazard and Operabili ty (HAZOP) study is 
given based on the proposed process design and key safety related issues 
were addressed.  
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Chapter 1: Introduction and literature review 
1.1 Introduction 
Today’s rapidly growing world is under great pressure from environmental 
related issues. The biggest challenges for the next generation are adequate 
supplies of fresh water and climate change. According to a World Health 
Organization (WHO) 2005 report, 1.1 billion people do not have access to clean 
drinking water.1 In this environment, industries are under great pressure to 
minimise their water use and also to minimise the environmental impacts of 
discharged wastewater. For industries to survive and to progress, a public 
image of “environmental responsibility” is as important as the return on 
investment to the shareholder. This has to lead to increased interest in 
processes such as wastewater treatment technologies that can reduce the 
environmental impacts of industrial processes. 
The manufacturing industry is often criticised for its poor management of water 
and for the amount of wastewater some manufacturers generate. The 
Australian wood and pulp production industry is one of Australia’s largest fresh 
water users and generators of wastewater. According to the Australian Bureau 
of Statistics the wood and pulp industry used 99,238,000,000 litres of water in 
2004 (accounting for 16.5% of the total water consumption by the 
manufacturing industry in Australia).2 The concern is not just limited to Australia 
- the US Environmental Protection Agency (US EPA) reported that the pulp and 
paper industry is the largest process water user within the US and the second 
largest process water user globally.3 The pulp and paper industry also released 
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approximately 265,000,000 pounds (120,201 metric ton) of toxic chemicals in 
the year 2000 just within the US.3  
The US EPA have summarised the water use of 104 pulp mills in the US. 
According to a US EPA 2002 report, in the year 2000, the average pulp mill in 
the US used 15,140 L to 45,400 L of water per metric ton of pulp produced.3. 
Due to the increased environmental awareness and problems associated with 
availability of fresh water and issues with tight wastewater discharge 
regulations the new mills are under great pressure to make closed loop mills, 
while existing mills are under great pressure to reduce the amount of 
wastewater they discharge. 
Kraft pulping is one of the most widely used processes for producing bleached 
pulp (eighty-five percent of bleached pulp is currently produced by this 
process).4 It was established in 1884 by German chemist Carl F. Dahl.5 A large 
amount of fresh water is used and the wastewater generated can be up to 
300,000 L per one ADt (air dry ton) of pulp produced.6 The generated 
wastewater is known as black liquor due to its dark black colour. The black 
liquor is generally very high in Chemical Oxygen Demand (COD) and Total 
Organic Carbon (TOC). The treatment of spent black liquor is essential for 
sustainable pulp and paper production.   
Wet Air Oxidation (WAO) and Catalytic Wet Air Oxidation (CWAO) are 
processes used to remove pollutants from wastewaters with high organic 
content. In the WAO process pollutants are oxidised at high temperature (up to 
320 °C) and high pressure (up to 20 MPa) using mole cular oxygen. Carbon 
dioxide and water are the final products if complete oxidation is achieved. WAO 
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is a clean process that has been used to treat various wastewaters including 
pulp and paper mills effluent, pharmaceutical wastewater, petrochemical 
wastewater, alumina refinery wastewater, oil refinery wastewater, distillery 
wastewater, food industries wastewater, and municipal wastewater.7 Despite 
being an efficient and clean process WAO has a limitation of very expensive 
infrastructure due to the high temperature, high pressure and corrosive reaction 
environment.8 Also, WAO process suffers from unexpected high maintenance 
costs, for example, Mahoney et al.8 reported the maintenance costs of a WAO 
reactor were more than $600 k/year. They reported heavy maintenance was 
required for the reactor isolation valve and effluent line, equipment fouling, 
process air compressor instrumentations, and the required diaphragm 
replacement in the high pressure feed pump.   
To reduce the severe temperature and pressure requirements of WAO a 
catalyst is required. Over the last four decades, research scholars around the 
world have been researching WAO/CWAO. There have been a large number of 
commercial WAO reactors implemented compared to CWAO.9 Nearly 2000 
research reports on WAO/CWAO have appeared in the open literature in the 
last four decades. The Derwent database has short listed 568 patents on 
CWAO and WAO to treat industrial wastewater. The first major review on 
WAO/CWAO was published by Mishra et al. in 1996,10 followed by Bhargava et 
al. in 2006.7 Both of these important reviews have shown the potential of 
CWAO to treat industrial wastewater and the need for research on catalyst 
development (study of catalyst stability and activity).  
4 
This thesis is focused on CWAO of pulp and paper mills effluent (black liquor) 
and a model lignin compound (ferulic acid) using supported transition metal 
catalysts. It details CWAO using conventional as well as advanced nano 
catalysts. It studies catalyst stability, activity, reaction mechanism, and effect of 
solution pH on the process. A conceptual process design has been proposed 
with a Hazard and Operability (HAZOP) study.  
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1.2 Literature review 
This literature review is divided into four main sections. The first section 
discusses the pulp and paper manufacturing process and the characteristics 
and environmental effects of generated wastewater. The second section 
discusses principles of the WAO process, literature related to WAO of model 
organic compounds and the effect of various reaction parameters such as 
solution pH on the WAO process. The third section discusses CWAO principles 
followed by discussion of literature related to studies of CWAO for treatment of 
organic pollutants and in particular the studies related to catalysts’ activity and 
stability. The final section summarises WAO and CWAO literature related to 
treatment of pulp and paper mills effluent and its model compounds. The 
commercial applications using WAO and CWAO are also summarised in the 
final section.  
1.2.1  Pulp and paper manufacturing  
1.2.1.1 Manufacturing processes overview and source of the pollution 
Pulp and paper mills use various processes to produce the desired grades of 
pulp and paper. In general, pulp and paper mills separate lignin from cellulose 
and convert cellulose to paper. Wood preparation, pulping, bleaching, and 
paper making are the four main stages used in the process. Figure 1-1 gives a 
brief description of these stages and the characteristics of the wastewater 
generated from each of them.11, 12 All of these stages use different amounts of 
water and produce contaminated effluents of different compositions.12  
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The pulping process, which produces the principle source of wastewater, varies 
at different pulp and paper mills. There are four different types of pulping 
processes that are utilised: 
• Chemical 
• Mechanical 
• Semi-chemical  
• Chemi-mechanical 
Combinations of the aforementioned processes are also used.13 Mechanical 
pulping mainly relies on mechanical energy to separate fibres, whereas 
chemical pulping mainly relies on the chemical reaction between lignin and 
various chemicals (the chemical used will depend on the type of pulping such 
as NaOH, Na2S, H2SO3 or Na2CO3). Chemical pulping gives lower yields and 
stronger pulp whereas mechanical pulping produces much higher yield and a 
lower grade pulp.14 Summaries of the important aspects of the various pulping 
processes are given in Table 1-1. Overall chemical pulping is the most widely 
used process. Chemical pulping can be further sub-classified into either (1) 
kraft pulping or (2) acidic pulping. Kraft pulping alone produces 85% of the 
world’s pulp.4  
The majority of the lignin from wood can be extracted during the pulping 
process. Bleaching is the step to remove the residual lignin for whitening the 
pulp. The bleaching process can be further classified as chlorine bleaching, 
elemental chlorine free (ECF) bleaching, and total chlorine free (TCF) 
bleaching. Table 1-2 gives details about the characteristics of wastewater 
generated by various pulping processes and bleaching processes.6 During 
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1940-1980’s, chlorine bleaching was very popular, but dioxins and furans, 
which are extremely toxic to marine life and mammals (including humans), were 
identified in the effluents from the mills operating with elemental chlorine 
bleaching. Due to increased environmental awareness about the chronic health 
effects of the toxic chemicals from pulp and paper mills effluents during the 
1980s, most countries have banned elemental chlorine in bleaching processes. 
Another more attractive process involved substituting chlorine dioxide for 
chlorine. However, although the use of chlorine dioxide helped to reduce the 
total amount of organochlorins compound in discharged effluents, it does not 
totally eliminate them.15, 16 
Overall, all of these processes produce various grades of wastewater which 
need to be treated before discharge to the environment. The following section 
describes characteristics of black liquor produced from Kraft pulping, as it is the 
most widely used pulping process, and also its treatment is the focus of this 
thesis. 
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Figure 1-1. Various stages of pulp and paper manufacturing and characteristics 
of wastewater generated. 
Source: US EPA 1995 report.11 
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Table 1-1. Summary of various pulping processes. 
Reference: Pokhrel et al17, Biemann et al13., Australian Government report18 
Pulping 
mechanism Raw material Pulp properties 
Typical yield 
of pulp Products  
An example of 
Australian manufacturer 
Mechanical 
pulping 
Hardwood such as 
poplar or light-colour 
softwood such as 
spruce, balsam, fir, 
hemlock, true firs  
Low-strength soft pulp 
with low brightness 92-96% 
Newspaper, magazines, 
inexpensive writing papers, 
moulded products  
 Bowater Corporation of 
Australia  at Myrtleford, 
VIC  (30,000 tpa 
(tonnes per annum)) 
Chemi-
mechanical 
pulping 
Hardwood such as 
poplar or light-coloured 
softwood such as 
spruce, balsam, fir, 
hemlock, true firs 
Moderate strength  88-95% 
Newspaper, magazines, 
inexpensive writing papers, 
moulded products 
Australian Paper 
Manufactures (APM) at 
Perie, QLD (29,000 tpa 
) 
Neutral sulphite 
semi-chemical 
(NSSC) 
Hardwood such as oak, 
alder, birch, aspen, and 
soft wood sawdust and 
chips 
Good stiffness and 
moldability  70-80% Corrugating medium  
Associated Pulp and 
Paper Mills (APPM) at 
Burnie, TAS (10,000 
tpa) 
Kraft pulping All woods  
High-strength brown 
pulp, if not bleached. 
Difficult to bleach  
43-45% (after 
bleaching)  
Bags, wrappings, gumming 
paper, cartons, containers, 
corrugated board, white 
papers from bleached kraft 
pulp 
APM at Maryvale, VIC  
250,000 tpa 
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Pulping 
mechanism Raw material Pulp properties 
Typical yield 
of pulp Products  
An example of 
Australian manufacturer 
Sulphite  
Hard woods – poplar and 
birch and non-resinous 
softwoods 
Dull white-light brown 
pulp, easy to bleach 
but lower strength 
than kraft pulp  
46-48% (after 
bleaching)  
Fine paper, sanitary tissue, 
wraps, glassine strength 
reinforcement in newsprint  
Kimberley Clark 
Australia (KCA) at  
Millicent, SA 
54,000 tpa  
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Table 1-2. Typical wastewater generated and pollution load from pulp and 
paper industry. 
Reference: Rintala and Puhakka6 
Pulping process 
 
Amount of 
effluents 
(1,000 L/ADt 
pulp) 
Suspended 
solids 
(kg/ADt pulp) 
COD 
(kg/ADt 
pulp) 
Unbleached 10-30 40-60 10-40 
TMP 
Bleached 10-30 50-120 10-40 
Unbleached 10-15 70-120 20-50 
CTMP 
Bleached 10-30 50-120 10-40 
NSSC  20-80 30-120 3-10 
Unbleached 80-100 - 20-50 Sulphite 
(Ca) Bleached 150-180 120-180 20-60 
Unbleached 40-60 40-60 10-20 
Kraft 
Bleached 60-90 100-140 10-40 
 
TMP = Thermo-mechanical pulp. 
CTMP = Chemithermomechanical pulping 
NSSC = Neutral sulphite semichemical,  
ADt = Air dry ton  
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1.2.1.2  Characteristics of effluents produced  
The characteristics of wastewater generated from various pulp and paper mills 
depends on various factors such as the type of pulping and bleaching process 
used, the type of raw material/cellulose fibre used (softwood or hardwood), the 
process technology used, management practises, internal circulation of effluent 
within the plant, and the amount of water used.17 The concentration and 
amount of various organic compounds present in effluents is highly specific to 
individual mills.19 Table 1-3 shows identified organic compounds in the spent 
black liquor used in this study, which was obtained from a local pulp and paper 
mill that uses the Kraft process.  
The US EPA has sub-divided black liquor components into four main 
categories.19 
• Polyaromatic ligninolytic compounds  
• Saccharic acids (degraded carbohydrates) 
• Solvent extractives (fatty acids and resin acids) 
• Low molecular weight organic acids. 
Sumathi12 categorised various components of kraft black liquor based on their 
weight percentage of the solids remaining after drying. (Table 1-4). Apart from 
organic compounds, black liquor also contains various inorganic components 
such as NaOH, Na2S, Na2CO3, NaCl, and Na2S2O3.19 The typical elemental 
composition of black liquor is given in 
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Table 1-5.19 
 
Table 1-3. List of identified organic compounds in black liquor. 
(The organic analysis was performed by Leeder Consulting, Australia using US 
EPA 8260B.WW.01 Volatile Organic Compounds analysis method) 
Benzene 1,4-Dichlorobenzene Tetrachloroethene 
Bromobenzene Dichlorodifluoromethane 1,1,1,2-Tetrachloroethane 
Bromochloromethane 1,2-Dichloroethane Toluene 
Bromodichloromethane 1,1-Dichloroethane Tribromomethane 
Bromomethane 1,1-Dichloroethene 1,2,3-Trichlorobenzene 
n-Butylbenzene Cis-1,2-Dichloroethene 1,2,4-Trichlorobenzene 
s-Butylbenzene trans-1,2-Dichloroethene 1,1,1-Trichloroethane 
t-Butylbenzene Dichloromethane 1,1,2-Trichloroethane 
Carbon Tetrachloride 1,2-Dichloropropane Trichloroethene 
Chlorobenzene 1,3-Dichloropropane Trichlorofluoromethane 
Chloroethane 2,2-Dichloropropane Trichloromethane 
Chloromethane 1,1-Dichloropropene 1,2,3-Trichloropropane 
2-Chlorotoluene Cis-1,3-Dichloropropene 1,2,4-Trimethylbenzene 
4-Chlorotoluene trans-1,3-Dichloropropene 1,3,5-Trimethylbenzene 
Dibromochloromethane Ethylbenzene Vinyl Chloride 
1,2-Dibromo-3-
chloropropane Hexachloro-1,3-butadiene m&p-Xylenes 
1,2-Dibromoethane Isopropylbenzene o-Xylenes 
Dibromomethane p-Isopropyltoluene Dibromofluoromethane 
1,2-Dichlorobenzene Naphthalene 12-Dichloroethane-d4 
1,3-Dichlorobenzene 1,1,2,2-Tetrachloroethane Toluene-d8 
p-Bromofluorobenzene   
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Table 1-4. Typical black liquor components. 
Reference: Sumathi et al.12 
 Black Liquor component Percentage by weight  
Lignin 30-45 
Hemicellulose and sugars 1 
Hydroxy acids 25-35 
Extractives 3-5 
Acetic acid 2-5 
Formic acid 3-5 
Methanol 1 
Sulphur 3-5 
Sodium 17-20 
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Table 1-5. Typical elemental composition of black liquor. 
Reference: US EPA 199719 
Constituent Percentage of black liquor  
Sodium  19.2 
Sulfur 4.8 
Carbon 35.2 
Hydrogen 3.6 
Oxygen 35.2 
Potassium 1.0 
Chloride 0.1 
Inerts 0.2 
1.2.1.3 Environmental effects and fate of the pollutants 
Serious concerns have been raised regarding the potential adverse effects of 
pulp and paper mills effluent on marine life and on the bioaccumulation of the 
toxic substances released by mammals including humans. Various studies 
have clearly shown evidence of the harmful effects of these toxic chemicals on 
the aquatic life cycle and fish population, reproduction, and general health. 
Table 1-7 outlines some of the studies that have investigated these effects. The 
US EPA19 have identified hydrogen sulphide, methyl mercaptan, crude 
sulphate, soap, and sodium salts of fatty and resins acids as components of 
pulp and paper mills effluent which are toxic to Dalphina and freshwater 
minnows. Also, some pulp and paper mills effluent have adsorbable organic 
halides (AOX) and persistent and bio-accumulative (POP) pollutants. The most 
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toxic man made chemical, 2,3,7,8-TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), 
has also been identified in pulp and paper mills effluent.20 
Due to the identified adverse effects of pulp and paper mills effluent, strict 
regulatory limits are in place for wastewater discharged from pulp and paper 
mills around the world. Table 1-6 shows the discharge limits of various 
components of the effluent for different countries. As a result of this, new pulp 
and paper mills, no matter which process technology they use, are under 
tremendous pressure to operate as a closed loop, while existing mills have to 
cope with increasingly new demands in terms of effluents treatment and 
wastewater discharge. It is worth noting that landfill is not the solution as 
constant accumulation leads to a high probability of contamination of surface 
water as well as ground water. Landfill should only be considered as a final 
resort due to the serious environmental and health problems that have been 
experienced with historic and abandoned dump sites. Also, a very high cost is 
associated with clean-up measures at contaminated sites.21 
Hence, the whole process requires a holistic approach to deal with effluent 
treatment. The elimination of pollutants in the early stages with improved 
technologies and pollutant treatment using end of pipe wastewater treatment 
technologies should go hand in hand. Today various pollution abatement 
technologies/processes are available to industry. All of these processes have 
their distinct advantages and limitations in terms of operability with reference to 
concentration of organic pollutants, energy requirements, installation and 
operational cost. Moreover, the extent up to which they can handle toxic 
compounds and their ability to withstand sock load is a major factor to be 
17 
considered for any process to be implemented for industrial wastewater 
treatment. The various processes that have been used to treat pulp and paper 
mills effluent are discussed in the next section. 
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Table 1-6. Discharge limits of various pollutants for different countries. 
Reference: Emission limit guideline, Australia.20 
Pollutant Unit Australia Canada USA France 
TSS kg/ADt 8 3 3.9 5 
BOD5 kg/ADt 6 2.5 2.4 2 
COD kg/ADt 25.4 No regs No regs 25 
AOX  kg/ADt 0.3b 0.25 0.27 1 
2,3,7,8- 
TCDD 
pg/L  10c 15 10a - 
2,3,7,8- 
TCDF 
pg/L - 15 31.9a - 
ADt = air dry tonnes 
TSS = Total Suspended Solids 
2,3,7,8-TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin (a dioxin) 
2,3,7,8-TCDF = 2,3,7,8-tetrachlorodibenzofuran (a furan) 
No regs = no range defined  
a
 daily limits  
b
 annual average  
c
 added in Tasmania Guidelines in 2004  
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Table 1-7. The studies outlining the adverse effects of pulp and paper mills 
effluents on fish. 
Author  Findings   
Baruah22 Decreased population of surface plankton downstream of the mills effluent discharge  
Owens et al.23 
Chlorophenolic and fatty/resin acid compounds 
detected in whitefish and longnose sucker  
downstream of mills effluent discharge  
Schnell et al.24 Report mixed function oxygenase in fish due to the effluent  
Lindstrom-Seppa et al.25 Observed mutagenicity and toxicity of treated 
effluent  
Johnsen et al.26 Observed liver damage and growth inhibition  
King et al.27 Observed bioaccumulation of Mn in the crayfish 
when exposed to pulp mill effluent  
Munkittrick et al.28 Have reported delayed sexual maturity, smaller gonads size, and depressions of sex hormones,  
Liu et al.29 Observed acute toxicity of the effluent to D. similis 
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1.2.1.4 Wastewater treatment processes  
Various organic wastewater treatment processes are available to industry. The 
suitability of any one particular process for a given effluent relies on a number 
of factors such as: 
• the types of pollutants in the wastewater 
• the concentration of pollutants and other chemicals 
• the desired final level of pollutant removal 
• the regulatory requirements for any particular industry or country.  
Bhargava et al.,7 have described various available processes and their 
suitability for treating different types of wastewater (Table 1-8). Out of these 
treatment processes, other than WAO/CWAO, chemical treatment and 
biological treatment are the most widely used treatment processes. 
Table 1-8. Organic pollution abatement technologies and their suitability. 
Effluent treatment process Suitability 
Incineration High concentration wastewaters 
WAO/CWAO Medium-high concentration 
Coagulation/flocculation Insoluble pollutants 
Potassium permanganate Low concentration wastewater 
Biological treatment Non toxic wastewater 
Photo catalytic process Low concentration wastewaters 
Chemical treatment mainly consists of coagulation of colloidal impurities, 
precipitation of dissolved pollutants via pH adjustment, and oxidation using 
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strong oxidizers such as ozone or hydrogen peroxide. Chemical treatment 
processes are usually quite expensive for treating large amounts of 
wastewater. Generally, chemical treatment is used as a pre-treatment step for 
further treatment with a biological method.  
Biological treatment is the most widely used wastewater treatment method. It is 
suitable for nearly all applications and generally the effluents which are not 
suitable for a biological treatment are treated with another method to make it 
suitable for the biological process. The biological treatment processes have 
four major limitations 1) they may not be suitable for treating toxic effluents, 2) 
they usually are incapable of surviving shock loads, 3) they require large area 
of land, 4) they produce sludge which needs to be sent to landfill or burnt. 
Hence, biological treatment processes have demanding limitations for treating 
highly toxic and highly organic loaded effluents from pulp and paper mills.  
As mentioned previously in the Introduction, WAO is a well-established 
treatment process which is particularly suitable for treating toxic wastewater 
with high organic content. The WAO process was first patented by Zimmerman 
over 60 years ago.30 WAO removes organic pollutants via complete oxidation 
(in the liquid phase) to carbon dioxide and water at elevated temperature and 
pressure (up to 320 °C and 20 MPa) using gaseous ox ygen or air. The degree 
of oxidation is mainly dependent on temperature and residence time. Despite 
being an efficient and clean process WAO has limitations of very expensive 
infrastructure required due to high temperature, high pressure and the corrosive 
reaction environment.31 Also the WAO process suffers from unexpected high 
maintenance costs as well.8 The search for stable and active catalysts to 
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reduce the required harsh reaction conditions is an economically and 
environmentally friendly approach. The use of a catalyst in conjunction with 
WAO is known as CWAO.  
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1.2.2 Wet Air Oxidation  
1.2.2.1 WAO – overall process 
The WAO of organic compounds occurs in two steps 1) physical step 2) 
chemical step.32 The physical step involves the transfer of oxygen from the gas 
phase to the liquid phase and the second step is the reaction between organic 
compounds and the dissolved oxygen. The overall mechanism of WAO is 
therefore dependent on both of the stages and is dependent on the rate of 
oxygen transfer from gas phase to liquid phase and the ability of organics 
present and various intermediates formed due to the oxidation, to react with 
dissolved oxygen.  
Physical step: 
Debellefontaine et al.,32 have studied the migration of oxygen across the gas-
solid interface and concluded that the only significant resistance to oxygen 
transfer is located at the junction (film model) with three limiting cases.  
• Oxygen reacts within the film because of a rapid chemical reaction. In 
this way, the oxygen transfer rate is enhanced.  
• Oxygen reacts within the bulk liquid where its concentration is close to 
zero. The overall rate is equal to the physical step of oxygen transfer. 
• Oxygen concentration within the bulk liquid is equal to the interface (or 
equilibrium) concentration. The overall rate is the chemical step rate, and 
usually low.  
Debellefontaine et al.32 also concluded that the effect that the rate of oxygen 
transfer has on the overall rate can be eliminated through high mixing 
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efficiency, which then enables unbiased kinetic rates to be determined (third 
case above)  
Chemical step: 
The final step, chemical reaction of organic compounds with dissolved oxygen, 
is known as a chemical step. Figure 1-2 shows a simplified diagram of the 
WAO reaction pathway of organic compounds (From Debellefontaine et al.32). 
 
Organic 
Compound
Ketones, 
Aldehydes
Alcohols CO2, H2O
Acetic Acid
Hydroperoxide
O2 O2O2
 
Figure 1-2. Simplified diagram of reaction pathway in WAO. 
(Debellefontaine et al.32) 
 
The chemical step in WAO/ CWAO is assumed to occur predominantly via a 
free radical mechanism.8, 32-34 Under WAO/CWAO conditions the free radical 
intermediates formed have a very short life span and hence it is very difficult to 
understand the reactions occurring and to get direct experimental evidence of 
the free radical reaction mechanism.7 That is why the widely accepted free 
radical oxidation mechanism has been the subject of very few studies with 
direct experimental evidence for the intermediate free radicals. Only one report 
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gives direct experimental evidence for the presence of the free radical 
intermediates under typical WAO conditions. In this study, Robert et al.33 
performed WAO of cellulose and used electron spin resonance spectroscopy 
coupled with a spin trapping technique to identify free radical intermediates. 
They identified the hydroxyl radical (HO•) and concluded that it was formed 
from decomposition of H2O2, but failed to explain the origin of the H2O2. The 
authors also speculated another two free radical intermediates, CO2•- and 
RCH•(OH). The CO2•- presumably formed via reaction between a hydroxyl 
radical and formate (an intermediate product) and RCH•(OH) formed via 
reaction between a hydroxyl radical and ethanol (an intermediate product).33 
In fact, various authors have studied the free radical mechanism using indirect 
evidence and concluded that WAO is predominately a free radical reaction 
mechanism.34, 35 There are mainly two indirect methods to determine if free 
radical reactions are occurring in WAO 1) use of inhibitors 2) use of co-
oxidation compounds.  
Various compounds are known to inhibit the free radical reactions (known as 
inhibitors). If the oxidation process has suffered from any adverse effect due to 
use of these inhibitors then it shows that the oxidation reaction is a free radical 
oxidation mechanism. Vaidya and Mahajani34 studied inhibitor t-butanol’s effect 
on WAO of phenol and found that the rate of oxidation was reduced 
considerably in the presence of t-butanol. Hence, Vaidya et al.34 concluded that 
the WAO of phenol occurs via a free radical oxidation mechanism.  
Another indirect method to determine the presence of free radical reactions is 
to study co-oxidation. The oxidation of an organic compound due to the free 
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radical intermediates formed by oxidation of another organic compound is 
known as co-oxidation. Tardio35 extensively studied co-oxidation of malonic 
acid in presence of oxalic acid and succinic acid in highly alkaline solution 
(synthetic Bayer liquor). Based on obtained co-oxidation results, Tardio35 
concluded the presence of free radicals for WAO of malonic acid in highly 
alkaline solution. Similarly, Immaura et al.36 used co-oxidation study to 
conclude the presence of free radicals for WAO of polyethylene glycols. 
In general, initiation, propagation, and termination are the three main types of 
reactions that take place during free radical chain reactions. The free radical 
chemistry that occurs during the WAO process is quite complex due to the 
short lived free radicals and also due to the high number of possible routes of 
oxidation, for example, Day et al.37 proposed a 16 step free radical mechanism 
for WAO of propionic acid. Bhargava et al.7 have presented a very good 
summary of the various free radical reactions that may take place during WAO 
together with the conditions under which they are most likely to occur under. 
Some examples, from this summary, of the different types of free radical 
chemical reactions that can take place during WAO have been presented in 
Figure 1-3. 
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Initiation  
Bimolecular reactions      Equation    
RH + O2  →   R•  +  HO2•     1.139  
H2O + O2  →  H2O2 + O•      1.238 
H2O + O2  →  HO2• + OH•      1.338  
Unimolecular reactions 
RH →  R•  +  H•      1.433  
O2  →  O•  + O•      1.538  
H2O → OH•  +  H•      1.639  
Trimolecular reaction 
RH + O2 + RH → 2R•  + H2O2    1.740 
Propagation  
R•  + O2 → ROO•  + RH  →  ROOH  +  R•      1.8 38  
O• + H2O →  HO• + HO•     1.938  
RH + HO2• → R•  + H2O2     1.1041 
H• + H2O → HO• + H2      1.1133  
ROOH  →  RO•  +  HO•       1.1233 
RH + HO•  →  R•  + H2O     1.1333  
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Termination  
2 ROO•  →  ROOR  +  O2     1.1438  
2 HO2•  → H2O2 + O2     1.1542 
HO2•  + OH•  →  H2O  +  O2    1.1642  
Figure 1-3: Proposed free radical chain reactions involved in WAO of organic 
compounds. 
 
1.2.2.2 WAO of model organic compounds and effect of solution pH 
Prasad43 and Bhargava et al.7 have recently reviewed the WAO studies 
conducted on a number of different model organic compounds. Two main 
observations from their reviews were as follows: 
• Solution pH has a significant effect on reaction pathways and the level of 
total oxidation achieved.  
• A slight difference in molecular structure between organic compounds 
can lead to a significant difference in reactivity  
Furuya et al.44 studied WAO of 1,3-benzene dicarboxylic acid (sodium salt) and 
1,4-benzene dicarboxylic acid (sodium salt) at identical reaction conditions (5 
MPa oxygen partial pressure and 250 °C temperature)  and observed only 3.2% 
TOC conversion for 1,4-benzene dicarboxylic acid compared to 21% TOC 
conversion for  1,3-benzene dicarboxylic acid. Similarly, Ichinose et al.45 
observed 75% TOC conversion for 1,2,3-benzene tricarboxylic acid compared 
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to 32% TOC removal for 1,2,4-benzene tricarboxylic acid under identical 
reaction conditions.  
Kolaczkowski et al.46 observed a great influence of solution pH on WAO of 
phenol. They observed significant decomposition with an initial pH of 4.0 
whereas no significant phenol conversion was observed for initial solution pH 
less than 2 or with initial solution pH between 7 to 10. At the same time, they 
observed faster reaction rate with initial solution pH of greater than 12. 
Kolaczkowski et al.46 explained this was due to the presence of phenol as 
phenolate ions at pH 12 (pKa of phenol is 9.95). Imamura36 observed 90% TOC 
conversion of oxalic acid with initial solution pH of 2.5 at 160 °C compared to 
only 2% TOC conversion observed with initial solution pH of 14 at 165 °C by 
Tardio35. Further to this, Tardio35 has shown an increase in TOC conversion of 
malonic acid with increasing solution alkalinity. Similarly, Santos et al.47 have 
shown that WAO of phenol, in the presence of a copper catalyst, takes a 
different reaction pathway under alkaline conditions as compared to acidic 
solution. They have even shown that the alkaline solution leads to less toxic 
compounds compared to acidic solution.  
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1.2.3 Catalytic Wet Air Oxidation 
Over the last four decades there has been great interest in CWAO of 
wastewater streams to eliminate the high temperature and high pressure 
requirements for WAO.7 There are two types of catalytic systems: 1) 
homogeneous catalysis, 2) heterogeneous catalysis. In homogeneous catalysis 
the reactant and catalyst are in the same phase. For homogeneous CWAO, all 
reactants are in gas-liquid equilibrium and the catalytic reaction takes place in 
the liquid phase. For heterogeneous CWAO the reactants and the catalyst are 
in different phases. In heterogeneous CWAO the catalyst is in the solid phase 
and the reactants are in the liquid phase. Both types of catalysis have their 
advantages and disadvantages as discussed below:  
1.2.3.1 Homogeneous vs. heterogeneous catalyst 
A number of studies have been reported on the superior performance of 
homogeneous catalysts for treatment of wastewater streams with high 
concentrations of pollutant organics such as pulp and paper mills effluent.7, 43, 
48, 49
 Prasad43 has studied CWAO of stripped sour wastewater using various 
transition metal salts and argued that homogeneous catalysis is better than 
heterogeneous catalysts in terms of total activity, easy reactor design, and 
process control. Similarly, Garg et al.48 have reported homogeneous CuSO4 as 
the most active catalyst, in comparison to the tested LaxCo1-xO3, LaFeO3, 
BaCoO3, Co-ZSM-5 and CeX heterogeneous catalysts to treat TMP circulation 
wastewater (initial solution pH = 10). In another study Garg et al.49 have 
reported ~80% TOC removal from pulp and paper mill effluent using a 
homogeneous copper catalyst under very mild conditions (95 °C temperature, 1 
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atmospheric pressure, and initial solution pH of 8.0). Although homogeneous 
catalysts have some promising aspects such as better performance and easy 
process control, homogeneous catalysts have overhead costs for separation of 
dissolved catalysts from treated effluents, while the potential toxicity due to the 
catalyst itself in the treated water must be understood and justified.43 The 
Australian and New Zealand guidelines for fresh and marine water quality 
defines the trigger value of various chemical compounds as the chemical value 
(concentration) of it in fresh and surface water above which the water is not 
safe for human use, food production and aquatic ecosystem.50 For example, 
the trigger values for copper and its compounds are 1.3 and 1.4 ppb for fresh 
and marine water respectively. Hence, special care must be taken in selection 
of the mixing zone (of wastewater and fresh or surface water) if wastewater is 
being discharged directly to fresh or surface water.50, 51 Also the chemistry of 
the toxicity of various chemical compounds, in particular copper, is quite 
complex. The toxicity of copper is highly dependent on the softness or 
hardness of water and also quite dependent on it’s interaction with various 
organic compounds. Hence, the discharge limit for any particular site must take 
into account the potential adverse effects downstream of the receiving water.  
32 
1.2.3.2 Catalytic mechanisms 
Sheldon52 has grouped metal catalysed oxidation mechanisms into three main 
types (1) homolytic catalysis (free radical auto oxidation), (2) coordination 
catalysis, and (3) gas phase (Mars-Van Krevlen mechanism).  
Homolytic catalysis:  
Homolytic catalysis involves the promotion of free radical reactions by a metal-
based catalyst. The promotion of free radical reactions involves the catalyst 
introducing a catalytic cycle through the reduction-oxidation homolytic reactions 
of hydroperoxides (equations 1.17, 1.18), which are formed in the chemical 
reaction step of WAO (Figure 1-2)  
         Equation  
ROOH + Me(n-1)+   RO● + Men+ + OH-    1.17 
ROOH + Men+  ROO● + Me(n-1)+ + H+    1.18 
The alkyl peroxy radicals (ROO●) produced in equation 1.18 react with the 
starting organic compounds to produce more hydroperoxides (equation 1.19)  
         Equation 
ROO● + RH  ROOH + R●     1.19 
Coordination catalysis:  
Coordination catalysis involves the oxidation of a coordinated substrate by a 
metal ion. The oxidised form of the metal is subsequently regenerated by 
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reaction of the reduced form with oxygen. An example of this type of 
mechanism is shown in equations 1.20 and 1.21 
         Equation  
H2C=CH2 + PdII + H2O   CH3CHO + Pd0 + 2H+   1.20 
Pd0 + 0.5 O2 + 2H+  PdII + H2O     1.21 
Gas phase catalysis: 
Gas phase metal catalysed oxidation mechanism is mostly applicable to gas-
phase oxidation. In this reaction mechanism, an oxometal species oxidises the 
substrate and the reduced form is subsequently reoxidised by oxygen (equation 
1.22 to 1.24)  
         Equation 
Men = O + Sub  Men-2  + SubO     1.22 
Men-2 + O2  2Men=O       1.23 
Men = Vv, MoVI       1.24 
 
1.2.3.3 Influence of pH on catalyst activity 
A number of factors can influence the performance of CWAO catalysts such as 
temperature, solution pH, type and composition of active components and type 
of support. The influence of temperature is of course well documented. The 
influence of solution pH on the activity/mechanism of CWAO catalysts is a topic 
however that is not well understood. Some of the studies that have investigated 
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the influence of pH on catalytic activity/catalytic mechanism are discussed in 
the next paragraph. 
Harmsen et al.53 studied the effect of solution pH on the reaction mechanism of 
formic acid CWAO using a Pt/C catalyst. They observed less conversion under 
alkaline conditions as compared to acidic conditions. According to Harmsen et 
al.,53 under acidic reaction conditions, formic acid reductively adsorbed on to 
the catalyst surface (by chemically reacting with deposited platinum oxide 
groups) and undergoes oxidation reaction using molecular oxygen available on 
the catalysts’ surface. Whereas under alkaline reaction conditions, most of the 
formic acid is in the form of formate ions which are repelled from the catalyst 
surface leading to a lower extent of oxidation. Guo and Al-Dahhan54 studied 
CWAO of phenol using an Al-Fe pillared clay catalyst. They observed that the 
initial rate of oxidation is markedly affected by pH. Guo and Al-Dahhan54 also 
observed that with low pH the initial rate of oxidation is much faster than at 
medium/neutral pH (initial 3.8 vs 6). Guo and Al-Dahhan54 observed that the 
extent of steady state conversion achieved by CWAO of phenol with initial 
solution pH of 3.8 is the same as the extent of steady state conversion 
achieved by CWAO of phenol with initial solution pH of 6.0. Mantzavinos et al.55 
concluded that the rate of p-coumaric acid oxidation increases with increasing 
solution pH using a CuO-ZnO/Al2O3 catalyst. The reason for this observation 
was concluded to be the increased formation of hydroxyl radicals in the mixture 
at high pH. Similarly, Verenich et al.56 observed that the CWAO of model 
thermo-mechanical pulping wastewater was higher at a pH of 13 compared to 
pH of 2. In another study, Kallas et al.57 explained better mineralization at 
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higher pH as the result of increased formation of carbanions which are very 
reactive with oxygen. 
1.2.3.4 Catalyst stability  
A catalyst can be deactivated via various processes such as sintering, 
deposition of carbonaceous compounds on the surface which can cause 
blocking of the active sites, and leaching of the active metal components.58 Out 
of these, the deposition of carbonaceous depositis on the catalyst surface and 
leaching of active metal ions to the aqueous solution are the two main reasons 
for deactivation of CWAO catalysts.  
1.2.3.4.1 Deactivation of catalysts due to deposition of carbonaceous 
organic compounds 
Massa et al.59 studied CWAO of phenol using a Ru/CeO2-Al2O3 catalyst at 140 
°C and 7 atm. Massa et al. 59 reported that the deactivation of the catalyst was 
mainly due to the deposition of carbonaceous compounds on the catalyst 
surface. Kiss et al.60 observed deactivation of an Al-Fe pillared clay catalyst 
due to accumulation of nonconverted or partially converted phenol on the 
catalyst surface. Similarly, Kim et al.61 studied CWAO of phenol using a Fe-Al 
pillared clay catalyst and have reported deactivation of the catalyst due to 
carbonaceous deposits. Delgado et al.62 reported irreversible adsorption of 
polymerized phenol on to a Ce-Mn catalyst. Minh et al.63 studied CWAO of p-
hydroxy benzoic acid and observed that a Ru, Ti, Zr catalyst had a decrease in 
its activity from 80% to 40% due to irreversible adsorption of organic carbon on 
the catalyst surface. On the other hand, Fortuny et al.64 studied CWAO of 
phenol using CuO/Al2O3 and did not observe any polymerization or 
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condensation of phenol on the catalyst surface. Based on the aforementioned 
studies it is clear that the deposition of carbonaceous organic compounds on to 
the catalyst surface is a significant concern in heterogeneous CWAO.  
1.2.3.4.2 Deactivation of catalyst due to leaching of active metal 
components: 
A number of researchers have reported leaching of active metal components as 
the main cause of catalyst deactivation during CWAO59, 66, 67. The need for the 
development of catalysts that are both active and stable (particularly with 
respect to leaching of active components) and the challenge to produce metal 
based catalysts with these desired attributes have been acknowledged by a 
number of researchers over the last 10 years.7, 10, 36 
Chen et al.65 studied CWAO of phenol using CeO2/γ-Al2O3 promoted with 
copper and manganese (catalyst made by incipient wetness impregnation 
method). Chen et al.65 observed considerable leaching of copper and 
manganese (copper: 43 to 145 ppm, manganese: 308 to 347 ppm) and 
concluded that the homogeneous catalysis (due to leaching of metal ions) is 
dominant over heterogeneous catalysis. Xu et al.66 studied CWAO of phenol 
using Cu(0.5-x)FexZn0.5Al2O4 catalysts at 150 °C and 1 MPa oxygen partial 
pressure. They observed up to 32 ppm of copper leaching. Gomes et al.67 
studied CWAO of aniline and have reported 21 to 29 ppm of copper leaching. 
Wu et al.68 studied CWAO of phenol using Cu/MCM-41 and have reported 121 
ppm of copper leaching to the solution. Hocoevar et al.69 studied CWAO of 
phenol using a Ce1-xCuxO2-δ catalyst and have reported 65 ppm to 149 ppm of 
copper leaching (leaching was found to be dependent on copper loading). 
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Castelo-Branco et al.70 performed CWAO of acid red 186 using a CuO-MnO 
catalyst at nearly constant solution pH of 7.3. They observed only 0.5 to 1.5 
ppm copper and 0.15 ppm manganese leaching. Arena et al.71 studied CWAO 
using Cu-Ce-O and observed a direct relationship between decreasing pH and 
leaching of copper. Solution pH has been identified as the main contributing 
factor to catalyst leaching. 
1.2.3.4.3 Effect of solution pH on catalyst leaching  
Various authors have studied solution pH and leaching of active components 
versus reaction time. Miro et al.72 studied CWAO of phenol using a CuO/Al2O3 
catalyst. They observed an initial increase in copper leaching with reaction time 
which was then followed by a decrease. Miro et al.72 also observed a rapid fall 
in phenol conversion and reduction in solution pH at the same time. According 
to Miro et al.,72 the “free phase” of catalyst was initially washed away and 
resulted in increased copper leaching. The increased copper in to the solution 
oxidized phenol quickly and resulted in a reduction in solution pH due to the 
formation of stable low molecular weight acids. Martinez et al.73 studied CWAO 
of phenol using a Fe2O3/SBA-15 catalyst and reported that iron leaching from 
this catalyst increased in the first 13 hours and then decreased from this point 
onward. Martinez did not provide any discussion on this trend. Santos et al.74 
studied CWAO of phenol using a commercial catalyst (CuO 67-77%, CuO-CrO2 
20-30%, synthetic graphite 1-3%). Santos reported copper leaching of 250 ppm 
and a TOC reduction of 80% when using an initial solution pH of 3.5. Santos 
observed 0.5 ppm of copper leaching and only 25% TOC reduction when an 
initial solution pH of 8 was used. Sun et al.75 studied CWAO of phenol using a 
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Zn-Fe(2-x)-AlxO4 spinel type catalyst and observed a maximum of 35 ppm iron 
leaching. They reported an initial increase in leaching followed by a decrease 
and noted that solution pH also firstly decreased from 5.5 to 2.5 before 
increasing back to 3.0. Sun et al.75 concluded that the remaining Fe2O3 on the 
catalyst acts as crystallization nuclei for the dissolved iron which results in 
decreased iron leaching. Zhang et al.142 studied CWAO of bleached plant 
effluent using a Pd/Al2O3 catalyst. They observed very high palladium leaching 
(336 ppm) when an initial solution pH of 2 was used. The same catalyst was 
however found to be stable for experiments with an initial solution pH of 7 or 
above. 
A number of researchers have studied the effect of a pH buffer or addition of 
acid or base to maintain constant solution pH. Santos et al.74 studied CWAO of 
phenol using a CuO/Al2O3 catalyst in solution containing bicarbonate buffer 
(solution pH of 8). According to Santos et al.,74 the use of sodium bicarbonate 
buffer prevented leaching of copper and led to the production of less toxic 
products. They did not however quantify the amount of the leached copper.  
They also did not compare the level of total oxidation achieved in comparison to 
using an acidic solution. In this study, Santos et al. identified an altered reaction 
pathway in comparison to CWAO of phenol under acidic conditions, and 
explained that the absence of dihydroxybenzenes during CWAO of phenol with 
bicarbonate buffer was due to the scavenging effect of bicarbonate buffer. Pi et 
al.76 studied CWAO of oxalic acid using a CuO/Al2O3 catalyst in the presence of 
a phosphate buffer. Pi et al.76 have reported a strong inhibiting effect of the 
phosphate buffer on the reaction. Fortuny et al.64 studied CWAO of phenol 
using CuO/Al2O3 catalysts. They used NaOH to maintain a solution pH greater 
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than 10. They concluded that at higher pH (>10), the majority of phenol is 
present as phenolate ions which reduces the catalysts ability to adsorb phenol 
for further reaction with oxygen. This leads to lower catalytic activity. Similarly, 
Thomsen77 studied WAO of quinoline at different solution pH and reported 
much faster kinetics under acidic conditions. Thomsen77 reported that the rate 
of reaction under acidic conditions is faster by a factor of 2-4 compared to the 
rate of reaction at neutral solution pH, and by a factor of 35-40 in comparison to 
the rate of reaction under alkaline conditions. According to Thomsen, in strong 
alkaline solution, OH- radicals are rapidly converted to their conjugated base O.- 
which is a considerably weaker oxidant (equation 1.25): 
         Equation 
.OH + OH- ↔ O.- + H2O        1.25 
In general, solution pH has a strong influence on WAO/CWAO reactions. The 
rates of reaction the extent of oxidation, reaction pathways, and catalyst 
stability have been shown to be greatly affected by solution pH.  The extent and 
type of effect is however dependent on the reactant(s), intermediates, products, 
oxidant and catalyst used.  
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1.2.4 Previous studies on WAO/CWAO of pulp and paper mills effluent 
Several researchers have studied WAO/CWAO of different types of pulp and 
paper mills effluents and model compounds representing the organic 
compounds found in these effluents. Table 1-9 summarises the findings for 
WAO studies and Table 1-10 summarises the findings for CWAO studies.  As 
can be observed from Table 1-9 there have not been many studies on WAO of 
pulp and paper mills effluents and representative model compounds published 
in the open literature. From the findings that have been published, a reaction 
temperature of ~200 °C is required to achieve a ~60 % reduction of COD from 
Kraft black liquor using a residence time of 60 minutes. The higher reaction 
temperatures can certainly increase the total COD reduction achieved but this 
leads to other disadvantages as discussed earlier in section 1.2.1.4.  
A higher number of studies have been published on CWAO of pulp and paper 
mills effluent compared to WAO studies. As discussed in section 1.2.3.4, 
catalyst leaching/stability is an important aspect of CWAO studies when 
heterogeneous catalysts are used. Approximately 70% of the performed studies 
on pulp and paper mills effluent however have not reported any investigation on 
catalyst leaching. The studies that do report leaching data mostly involve the 
use of noble metal based catalysts, and  there are very few studies on leaching 
of non-noble metal based catalysts.58, 78, 79 Hamoudi et al.78 studied CWAO of 
4-chloro guaiacol under acidic conditions using a Pt/Al2O3 catalyst and reported 
no platinum leaching. Besson and Gallezot58 and Pintar et al.79 studied CWAO 
of kraft bleach plant effluents using Ru/TiO2 catalysts and observed no leaching 
of ruthenium. Zhang et al.142 studied CWAO of kraft bleach plant effluent using 
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a Pd/Al2O3 catalyst. They reported that the leaching of palladium is highly 
dependent on solution pH. Zhang et al.142 observed 366 ppm of palladium 
leaching when an initial solution pH of 2 was used and only 1 ppm of palladium 
leaching using an initial solution pH of 5. Although a number of noble metals 
based catalysts have been shown to be resistant to leaching they have the 
distinct disadvantages of (1) their high cost, (2) they are highly sensitive to 
poisoning by the sulphur present in black liquor, and (3) they have shown a 
tendency to deactivate due to fouling and deposition of carbonaceous 
compounds.80-83 
The homogeneous and heterogeneous transition metals have shown great 
potential for various industrial effluents treatment including pulp and paper mills 
effluents. For example, Garg et al.84 have reported 89% COD removal at 170 
°C using a supported CuO catalyst. In another study  Garg et al.84 reported 80% 
of TOC removal at 95 °C. Similarly, Goi et al. 85 have reported 80% COD 
removal using a supported CeO2 catalyst. Akolekar et al143 reported up to 84% 
of TOC removal using a CuO-PdO catalyst. Catalyst leaching was however not 
investigated in any of the aforementioned studies.   
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Table 1-9. WAO of pulp and paper mills effluent and model compounds 
Effluent/ model 
compound 
Reaction 
conditions 
Key results Reference  
Model 
thermomechanical 
pulp 
180 °C COD 39% Verenich and Kallas 86 
TMP concentrated 
groundwater  
140 °C –  200 
°C, 1 MPa 
COD, 66% 
(200 °C, 1 MPa) 
Verenich et al.87 
Pulp and paper mill 
effluents 
 
 
4-chlorophenol model 
compound 
 
160 – 200 °C 
 
COD, 90%  
(200 °C, 90 min) 
 
90%, 4-
chlorophenol  
463 K, 10 bar 
PO2, 90 min 
 
Garcia-Molina et al.88 
Lignin (alkaline)  110 – 165 °C 
0.4-1.5 MPa 
PO2, 1.5-3.5 g/L 
NaOH 
COD 38%, 
165 °C, 1.5 MPa, 
1.5 g/L NaOH 
Verenich et al.57 
Model TMP 
circulation water 
120-170 °C 
0.5 to 1.5 MPa 
PO2 
BOD 33% 
150 °C, 1MPa 
PO2 
Verenich et al.56 
TMP circulation 120 C – 170 °C, 
0.5-1.5 MPa 
COD 40%  
170 °C, pH 2 
Garg et al.48 
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Table 1-10. WAO/CWAO of pulp and paper mills effluent and its model compounds. 
Index Effluent/ model 
compound Catalysts Reaction conditions Key results 
Catalyst leaching 
/deactivation study Reference  
1 Pulp and  paper 
mills effluents  
CuSO4, CuO/CeO2, 
AC, CuO/AC 
95 °C, 1 atm initial pH 8, 
4 h 
TOC 80% (CuSO4, 
4h, 1 atm) Not studied 
Garg et 
al.49 
2 4-chloro Guaiacol 
Pt/Al2O3 
 
 
MnO2-CeO2 
 
 
CuO-ZnO/Al2O3 
130 °C, P O2 = 0.5 MPa, 
pHi = 4.4, 1h, pHf = 2.7 
 
130 °C, P O2 = 0.5 Mpa, 
pHi = 4.4, 1h, pHf = 4.3 
 
130 C, PO2 = 0.5 MPa, 
pHi = 4.4, 1h, pHf = 5.2 
TOC 78% 
 
 
TOC 80% 
 
 
TOC 68% 
No Pt leaching 
observed 
 
Mn+2 Leaching > 10 
ppm 
 
Cu+2 = 20 ppm 
Zn = 40 ppm 
Hamoudi 
et al.78 
3 
TMP-filtrate, 
evaporation and 
membrane 
concentrate 
Cu-Co-Bi-Al2O3, Cu-
Co-Bi/C,Co-Bi/Al2O3, 
Co-Bi/C, Fe-Mn/Al2O3, 
Fe-Mn/C 
150 °C, P O2 = 10 bar, 2h  COD 60% (Fe-Mn/C) Not studied  Laari et al.144 
4 Pulp and paper 
mills effluents 
CuSO4, 
(Homogeneous) 
 
La0.3Ce0.7CoO3, CeX,  
LaCoO3 CoZSM-5, 
BaCoO3, LaFeO3 
70 °C, 
 
70 °C 
COD 68%  
 
 
COD 58%  
(La0.3Ce0.7CoO3) 
Not applicable 
 
 
Not studied 
 
Garg et 
al.48 
5 
Synthetic pulp 
and paper mill 
effluent 
CuO/AC, CuO/MnO2, 
CuO/CeO2 
119 °C –  170 °C, 0.85 
Mpa 
COD 89% (CuO/AC, 
170 °C, 0.85 Mpa, 
4h) 
Not studied Garg et 
al.84 
6 Pulp and paper CeO2, CeO2-SiO2,  157 °C - 227 °C COD 80% (CeO 2- No direct leaching Goi et al.85 
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Index Effluent/ model 
compound Catalysts Reaction conditions Key results 
Catalyst leaching 
/deactivation study Reference  
bleaching liquor,  SiO2, 187 °C, 1h)  study.  
Change in BET 
surface area and %C 
content on catalysts 
surface was studied 
7 Kraft Bleach plant effluent Pd/Al2O3 150 °C, 1.5 MPa 
TOC 65% at pHi=2 
TOC 30% at pHi= 5 
For pHi = 2: Pd = 366 
ppm, Al = 41.6 
For pHi=5: Pd = 0.97 
ppm, Al = 0.067 ppm 
Zhang et 
al.142 
8 Pulp mills 
effluents 
Cu-Co-Bi /Al2O3, Cu-
Co-Bi /Carbon, Co-Bi-
Al2O3, Co-Bi-C, Fe-
Mn/Al2O3, Fe-Mn/C 
150 °C - 200 °C 
PO2 = 1Mpa 
COD 54% (150 °C, 
CuCoBi-C, 2h) Not studied 
Verenich 
et al.89  
9 Black liquor 
CuO, MnO, PdO, 
CuO-MnO, CuO-PdO, 
MnO-PdO 
193 °C, 3 h, 1.65 MPa 84% (CuO-PdO) Not studied Akolekar 
et al.143 
10 Veratryl alcohol 
and D-glucose POM 150-200 °C, 0.7 MPa 
COD ~75% (2h 150 
°C followed by 1h 
150 °C) 
Not Studied Sonnen et 
al.90 
11 Black Liquor Pt-Pd-Ce/Al2O3 160-190 °C, 1.5-2.2 MPa  TOC 63% (3h, 190 
°C, 1.5 MPa)   Not studied 
Zhang et 
al.91  
12 Kraft bleach plant effluents Ru/TiO2 190 °C TOC, 92.5%  No leaching observed  
Besson 
and 
Gallezot58 
13 Kraft bleach plant effluents Ru/TiO2 190 °C TOC 89% 
No Leaching 
Observed 
Pintar et 
al.79 
14 Pulp mill Pd-Pt-Ce/Al2O3 130 °C -  170 °C, 1.5 TOC 65% Pt, Ce no leaching Zhang et 
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Index Effluent/ model 
compound Catalysts Reaction conditions Key results 
Catalyst leaching 
/deactivation study Reference  
effluents MPa 
 
(170 °C, 1.5 MPa, 
3h) 
observed 
Pd = 0.14 ppm  
Al = 41 ppm 
al.92  
15 Pulp mill effluent Pd-Pt/Al2O3 80 °C -  175 °C, 1.84 MPa 
TOC 40%, Pd-
Alumina at 162 °C 
with LHSV 123 h-1, 
O2 flowrate 1.13 
dm3/min (STP) 
Catalysts found to be 
stable up to 40h on 
stream. No explicit 
leaching study 
conducted 
An et al.93 
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1.2.5 Commercial WAO/CWAO processes  
There have been a few recent excellent reviews describing various commercial 
WAO/ CWAO processes.7, 94, 95 Hence, only a brief summary of different 
WAO/CWAO commercial processes is given in this section.  
Table 1-11 summarises the brand, reactor geometry, process parameters and 
area of application for some commercial WAO processes. Similarly, Table 1-12 
summarises some commercial CWAO processes. Out of these, the Zimpro 
process is the oldest commercial WAO process. It was established in the 1930s by 
F. J. Zimmermann in the USA. Initially, Zimmermann used the wet oxidation 
process for producing vanillin from partial oxidation of spent pulping liquor from the 
local paper mills and later on expanded to treat wastewater from various process 
streams. There are currently 150 Zimpro WAO plants in operation worldwide. The 
largest Zimpro WAO process is being installed in New Jersey to treat municipal 
wastewater. It has 12 Zimpro WAO reactors - each of them has a capacity of 
60,000 L per hour. 
As can be observed from Table 1-12, there have been more commercial 
processes based on homogeneous catalysis than heterogeneous catalysis. This 
observation also indicates the need for the development of more active and stable 
heterogeneous catalysts. Also, it is interesting to note that all of these processes 
have used transition metal catalysts either as the sole active component or in 
combination with other active components. This is mostly due to the price 
difference between noble metals and transition metals.  
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Table 1-11. Commercial WAO processes.  
(Reference : Kolaczkowski et al.94, Luck95, and Bhargava et al.7) 
Commercial 
name  
Reactor and mixing 
type 
Reaction 
conditions Application 
Zimpro 
Co-current bubble 
column 
Axial & Longitudinal 
~150-325 °C,  
2-12 MPa 
20-240 mins 
 
Chemical 
industry 
effluents 
 
Wetox 
Compartmentalized 
horizontal reactor 
Stirrer and Oxygen 
Addition 
~200-250 °C 
4 MPa 
30-60 mins 
Chemical 
industry 
effluents 
 
Vertech 
Sub-surface vertical 
reactor 
Turbulent flow in 
downcomer 
~180-280 °C 
8.5-11 MPa 
60 mins 
Urban sludge 
 
Kenox 
Two concentric 
shells 
Static Mixer and 
Ultrasonic Probe 
200-240 °C 
4.1-4.7 MPa 
40 mins 
Preliminary to 
biological 
treatment 
Oxyjet 
Jet mixer feeding to 
tubular reactor 
 
140-300 °C 
< 5 mins 
Phenolic and 
pharmaceutical 
effluents 
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Table 1-12. Commercial CWAO processes.  
(Kolaczkowski et al.94, Luck95, and Bhargava et al.7) 
Process Catalyst /oxidant 
Reaction 
conditions Typical application 
LOPROX Fe2+-acid/ oxygen < 200 °C 0.5-2 MPa Low reactive waste 
Ciba-Geigy Cu2+/air ~300 °C 
Chemical and 
pharmaceutical  
waste 
ATHOS Cu2+/ oxygen 235-250 °C  4.4-5.5 MPa Residual sludge 
WPO Fe-Cu-Mn/ H2O2 90-130 °C 0.1-0.5 MPa 
Aquifer 
decontamination 
ORCAN Fe2+/ air + H2O2 120 °C 0.3 MPa 
Refractory waste pre-
treatment 
The Nippon 
Shokubai 
TiO2 supported multi-
metal catalysts 
(oxides of lanthanide 
series and transition 
metals) 
160 °C to 270 
°C 
0.9 to 8 MPa 
Can treat acetic acid 
and ammonia. 
Hence, can be used 
for any wastewater 
Osaka Gas 
TiO2 and/or ZrO2 
supported catalysts 
(Fe-Co-Ni-Ru-Pd-Pt-
Cu-Au-W) 
250 °C, 
6 MPa 
High COD and 
ammonia  containing 
wastewaters 
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1.2.6 Patents for WAO/CWAO  
A summary of US patents related to the WAO/CWAO process that have been 
granted in the last 30 years is given in Appendix B. The patent search was 
performed on the United States Patent and Trademark Office web database and 
DERWENT INNOVATIONS INDEXSM Databases of the Institute for Scientific 
Information®.  
The summary clearly identifies WAO/CWAO as promising processes to treat 
various wastewater streams. Most of the innovation for WAO patents is based on 
better reactor design, improved heat and mass transfer, and co-oxidising various 
wastewater streams.  
One of the obvious conclusions from the aforementioned summary on 
WAO/CWAO patents is that there are a higher number of patents on CWAO 
processes based on homogeneous catalysts, even though homogeneous catalysis 
requires additional steps to separate the catalyst from treated wastewaters. The 
main reason for less heterogeneous patents and commercial CWAO processes 
(as discussed in the previous section) is the lack of availability of cheap, stable, 
and active catalysts to withstand the harsh temperature and pressure conditions 
and the existing highly acidic or alkaline reaction medium. 
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1.2.7 Model compound: ferulic acid 
Pulp and paper mills effluents contains hundreds of organic compounds and the 
study of the underlying chemistry, reaction mechanisms, and catalytic behaviour of 
these compounds during WAO/CWAO is not possible due to the highly complex 
matrix.96 Studies on a model compound for the relevant effluent and 
transformation of the gained knowledge to treat real effluents is the preferred 
approach. For this study, a model lignin compound, ferulic acid (Figure 1-4) has 
been chosen as a model compound. Ferulic acid contains the guaiacole moiety 
which is prominent in both hardwood and softwood lignin and a propenyl 
substituent which is commonly found in various linkages between lignin 
constituents.97 
COOH
OH
OCH3
Ferulic acid
 
Figure 1-4. Structure of ferulic acid. 
51 
1.2.8 Research objectives   
The research objectives for the WAO/CWAO of ferulic acid were: 
• Investigate CWAO of ferulic acid using various homogeneous catalysts  
• Study CWAO of ferulic acid using conventional supported transition metal 
oxide based catalysts 
• Investigate catalyst activity, stability and mechanism for CWAO of ferulic 
acid  
• Explore the reaction pathways for CWAO of ferulic acid  
• Investigate the correlation between solution pH and catalyst stability and 
activity  
• Explore innovative synthesis routes for supported nano transition metal 
oxide catalysts    
• Application of innovative supported nano transition metal oxide catalyst for 
CWAO of ferulic acid  
• Comparison of activity and stability of nano transition metal oxide catalysts 
with conventional catalysts for CWAO of ferulic acid  
The research objectives for the WAO/CWAO of pulp and paper mills effluent were: 
• Investigate CWAO of pulp and paper mills effluent using promising catalysts 
from studies on WAO/CWAO of ferulic acid. 
• Propose a conceptual process design for WAO/CWAO of pulp and paper 
mills effluent   
• Complete a HAZOP study of the proposed process design  
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Chapter 2: Experimental  
2.1 Materials  
2.1.1 Gas 
• oxygen (Linde) with a minimum purity of 99.5% was used in all WAO and 
CWAO experiments.  
2.1.2 Organic compounds 
The following organic compounds were used without further purification: 
• ferulic acid; Sigma Aldrich ( >98% fulka) 
• dichloromethane, HPLC grad, Merk  
2.1.3 Inorganic compounds  
The following inorganic compounds were used as purchased: 
Metal salts:  
• copper(II) chloride 2-hydrate; BDH Chemicals Ltd 
• iron(II) chloride 4-hydrate; BDH Chemicals Ltd 
• mangenese(II) chloride 2-hydrate; BDH Chemicals Ltd 
• cerium(III) chloride 7-hydrate; BDH Chemicals Ltd 
• cobalt(II) choride 6-hydrate; BDH Chemicals Ltd 
• magnesium(II) 6-hydrate; BDH Chemicals Ltd 
• bismuth(III) chloride; BDH Chemicals Ltd 
Other compounds: 
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• KBr, spectroscopy grade, pike 
2.1.4 TOC reagent and standards 
• orthophosphoric acid (85%); purchased from Ajax Finechem  
• sodium peroxodisulfate;  purchased from Merck 
• Potassium hydrogen phthalate (KPH) (99.95%) from Sigma Aldrich 
2.1.5 Acids 
• Concentrated HCl, 36% Ajax Finechem 
• Concentrated HNO3, 70%, Ajax Finechem, 
MilliQ water was used to prepare all solutions. 
2.1.6 Pulp and paper mills effluent 
The pulp and paper mills effluent tested was obtained from a local pulp and paper 
mill that uses the kraft pulping process.  
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2.2 Apparatus  
2.2.1 Autoclave experimental set-up 
All WAO and CWAO experiments were conducted in a continuously stirred, 1.2L, 
316 stainless steel autoclave (Parr Autoclave, Moline IL, USA). The autoclave was 
fitted with a removable glass lining to avoid leaching from the reactor wall. The 
autoclave had a magnetically driven stirrer shaft which was coated with Teflon. 
The shaft was equipped with two impellers which had six vanes each. 
Temperature control was performed using a Parr 4843 controller. The controller 
was also used to monitor the pressure in the reactor via a pressure transducer. 
The autoclave assembly was equipped with various fittings to allow addition of 
gaseous oxidant to the liquid reaction media and to withdraw liquid samples during 
the experiment (Figure 2-1). 
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Figure 2-1. Schematic of high pressure autoclave system. 
2.2.2 Other equipment used 
• TOC analysis was performed using an OI Analytical Model 1010 (USA) 
Total Carbon Analyser. 
• pH measurement was performed using a Metrohm 620 pH meter. 
• The following inorganic species were measured using a Hewlett Packard 
300 ICP-MS and Perkin Elmer Model PE 3110 Atomic Absorption 
Spectrometer: Cu, Fe, Ce, Co, Mg, Bi, Mn, Ni and Zn 
• SEM was performed on a Philips XL30 SEM instrument operated at an 
accelerating voltage of 30 kV.  
• TEM was performed using a JEOL 1010 TEM instrument operated at an 
accelerated voltage of 100 kV.  
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• XRD analyses were carried out on a Bruker D8 Advance XRD instrument 
operated at a voltage of 50 kV and a current of 35 mA with CuKα radiation.  
• XPS measurements were only performed for Cu-Ni nano catalysts. A VG 
MicroTech ESCA 310F instrument at a pressure better than 1x10-9 Torr was 
used. The general scan and C 1s, Ni 2p and Cu 2p core level spectra for 
the respective samples were recorded with un-monochromatized Mg Kα 
radiation (photon energy = 1253.6 eV) at a pass energy of 20 eV and 
electron takeoff angle (angle between electron emission direction and 
surface plane) of 90º. The core level binding energies (BEs) were aligned 
with the adventitious carbon binding energy of 285 eV.  
• FT-IR analysis was performed on a Perkin Elmer 1725X with Spectrum 
v2.00 software.  
• The BET surface area was measured using a Micromeritics ASAP 1010. 
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2.3 Methods 
2.3.1 Standard WAO and CWAO test procedure 
2.3.1.1 Procedure for ferulic acid WAO and CWAO experiments 
The reaction solution of 1000 ppm organic carbon of ferulic acid was obtained by 
adding 0.6473 g of ferulic acid to 400 ml of MilliQ water. A predetermined amount 
of catalyst (if required) was added before heating up the reaction vessel to the 
required temperature. Prior to heating the reaction vessel was sealed and 
evacuated. The reactor system was then flushed using nitrogen for 5 minutes and 
the vessel was evacuated again to take out any remaining nitrogen from the 
system. The vessel and the reaction solution were then heated to the desired 
temperature, with the stirrer rate set at 800 rpm. Once the set temperature was 
reached (defined as time zero), oxygen was introduced and set manually to the 
required partial pressure for the duration of the experiment. As most of the 
experiments were performed at 100 °C, the “standard ”  conditions for WAO/CWAO 
experiments using ferulic acid oxidation were defined as: 100 °C reaction 
temperature, 180 kPa oxygen partial pressure, 800 rpm stirring speed.  
When applicable, intermediate liquid samples were withdrawn during tests through 
the sampling line. As the sampling line had a dead volume of about 10 ml, about 
20 ml of solution was allowed to rinse through the sampling line prior to sample 
collection to eliminate cross contamination from previous samples.   
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2.3.1.2 Procedure for oxidation of pulp and paper mills effluent  
WAO and CWAO test without any pH adjustment:  
400 ml of pulp and paper mills effluent was transferred to the reaction vessel. A 
predetermined amount of catalyst was added to the reaction solution (if required). 
All other experimental procedures used were the same as for the ferulic acid tests. 
WAO and CWAO test with pH adjustment: 
Pre-treatment was performed on pulp and paper mills effluent to obtain the desired 
solution pH. 400 ml of treated (pH adjusted) solution was transferred to the reactor 
followed by addition of predetermined amount of catalyst (if required). All other 
experimental procedures used were the same as for the ferulic acid tests. 
2.3.2 Sample treatment procedure 
After WAO or CWAO treatment, all samples were stored in sealed, non 
transparent bottles for analysis.  
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2.3.3 Catalyst synthesis methods  
2.3.3.1 Conventional catalyst synthesis  
The single metal (Cu), bi-metallic (Cu-Ni, Cu-Co, Cu-Mn), multi-metal (Cu-Ni-Ce) 
alumina supported catalysts, Cu and Cu-Mn kaolin supported catalysts and multi-
metal oxide (Cu-Co-Mn, Cu-Fe-Mn) catalysts were prepared using the general 
procedures outlined below 
Single metal (Cu) supported catalysts: 
The single metal heterogeneous catalysts were prepared by precipitation of 
appropriate metal salts (0.25M) by sodium hydroxide solution (0.25M) in the 
presence of an alumina/kaolin support under constant temperature with 
continuous stirring. 
Bi-metallic (Cu-Ni, Cu-Co, Cu-Mn) supported catalysts: 
The bi-metallic metal heterogeneous catalysts were prepared by co-precipitation of 
appropriate metal salts (0.25M) by sodium hydroxide solution (0.25M) in the 
presence of an alumina/kaolin support under constant temperature with 
continuous stirring. 
Multi-metallic (Cu-Ni-Ce) supported or non-supported (Cu-Co-Mn, Cu-Fe-Mn) 
catalysts: 
The multi-metallic heterogeneous catalysts were prepared by the co-precipitation 
of appropriate multi-metal(s) (Cu-Ni-Ce – alumina supported, Cu-Co-Mn, Cu-Fe-
Mn – non-supported catalysts) salts (0.25M) by sodium hydroxide solution (0.25M) 
in the presence of appropriate alumina (in the absence of alumina support in the 
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case of non-supported catalysts) under constant temperature with continuous 
stirring. 
After precipitation, the catalysts were washed thoroughly, dried at room 
temperature and heat treated up to 400 °C at the ra te of 5 °C/min and were held at 
this temperature for 4 hours.  The homogeneous catalysts were prepared by 
dissolving appropriate metal salt in water and were utilized as homogeneous 
catalysts. 
2.3.3.2 Synthesis of nano catalyst using galvanic replacement reaction  
Nickel foil (1 x 4 cm2) was placed in a dialysis bag (12 kDa cut-off) containing 20 
ml of deionized water (Milli-Q, Elix 3) and dialyzed against 100 ml of CuSO4 (1 M) 
under constant stirring at room temperature for various time intervals (30 min, 1 h, 
2 h, 4 h and 8 h). The nickel foils obtained after galvanic replacement reactions 
were thoroughly washed with deionised water and dried under nitrogen. The 
confinement of nickel foil in the dialysis bag assists in the controlled inward 
movement of cupric ions to react slowly with nickel foil, as well as simultaneous 
outward movement of leached nickel (II) ions. Nickel foils before and after the 
reaction with cupric ions for various time intervals (30 min, 1 h, 2 h, 4 h and 8 h) 
were observed under SEM.  
Sample preparation for TEM analysis 
For TEM measurements, nickel foil obtained after 4 h of galvanic replacement 
reaction was ultrasonicated in 5 ml of water for 1 h.  Samples for TEM analysis 
were prepared by drop-coating the sonicated solutions on carbon-coated copper 
grids.  
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2.3.4 Analytical methods 
2.3.4.1 Organic carbon analysis of aqueous samples  
The amount of organic carbon in aqueous samples from WAO and CWAO tests 
was determined using a Total Carbon Analyser (O-I Analytical, 1010 model). The 
instrument was set up for analysis of samples with organic carbon concentrations 
up to 100 ppm. Hence, all samples were diluted as required. 
The following steps were performed to determine the organic carbon concentration 
of the samples.  
• The instrument was calibrated using standards (five standards with 
concentration up to 100 ppm of organic carbon concentration) prepared 
using potassium hydrogen phthalate 
• The samples were then injected automatically using an auto sampler into 
the instrument reaction chamber. In the reaction chamber, the samples 
were reacted with acid (5% w/v ortho phosphoric acid) to convert any 
remaining inorganic carbon (CO32-) to carbon dioxide, which was then 
removed by nitrogen (instrument grade).  
• The remaining organic carbon was then oxidised to CO2 using sodium 
persulphate (200 g/L) and UV light. The CO2 liberated was then detected 
using IR detector, and was used to evaluate the amount of organic carbon 
in the sample.  
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2.3.4.2 Analysis of metals and other inorganic species  
All dissolved metal concentrations in samples were determined using a Hewlett 
Packard 300 ICP-MS after diluting with 2% HNO3 solution. Copper analysis was 
also carried out using an Atomic Absorption Spectrometer (Perkin Elmer Model PE 
3110). A wavelength of 226.6 nm was used to determine copper concentration 
between 70-280 ppm and a wavelength of 324.7 nm was used to determine 
copper concentration between 2-8 ppm.   
2.3.4.3 Analysis method to determine amount of adsorbed organic carbon 
on catalyst surface 
The amount of organic carbon adsorbed on the catalyst surface was measured 
using TOC analysis. In a typical experiment, 20 mg of catalyst was added to 2.5 ml 
of aqua regia solution and then diluted to 50 ml using MilliQ water. The pH was 
adjusted to 3 using NaOH prior to TOC analysis. 
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Chapter 3: Catalytic wet air oxidation of ferulic acid 
using supported copper catalysts  
3.1 Introduction and background 
As discussed in chapter 1, the discovery and development of efficient economic 
catalysts for use in CWAO is required in order for this process to become more 
widely used to treat aqueous effluents such as those produced during pulp and 
paper manufacture. The main aim of the research reported in this chapter was 
to investigate the activity of a variety of catalysts for use in CWAO of pulp and 
paper effluent by studying CWAO of a model compound, ferulic acid, which is 
representative of a sub-unit of lignin - the main form of organic material present 
in pulp and paper mills effluents. 
A number of studies have been conducted on WAO/CWAO of pulp and paper 
mills effluents (refer to section 1.2.4). Although the results obtained are quite 
promising the following gaps have been identified in the literature.  
• The need to discover innovative catalysts to reduce the high 
temperatures required for a high degree of organics removal  
• The lack of understanding of reaction mechanisms for model lignin 
compounds  
• The lack of understanding and studies on catalyst stability and leaching   
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The specific aims of the research conducted in this chapter were as follows: 
• Investigate low temperature CWAO of ferulic acid using homogeneous 
catalysts 
• Investigate and develop heterogeneous catalysts  
• Explore the mechanism for CWAO of ferulic acid 
• Investigate the activity and stability of heterogeneous catalysts and the 
effect of solution pH   
3.2 Experimental   
All materials, methods, catalyst preparation methods, procedures and methods 
of analysis used in the experimental work for this chapter have been described 
in Chapter 2.  
3.3 Results and discussion  
3.3.1 CWAO of ferulic acid using homogeneous catalysts 
Although, the use of homogenous catalysts in CWAO processes is considered 
too difficult/costly as discussed earlier (refer to section 1.2.3.1), it was decided 
to firstly investigate CWAO of ferulic acid using various metal ions as 
homogeneous catalysts have previously been shown to have a high activity in 
certain systems and therefore the results obtained could be compared to those 
obtained using heterogeneous catalysts. It was also assumed that the results 
obtained could be beneficial towards the development of heterogeneous 
catalysts.    
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Various homogeneous metal ions, (chloride salts of Cu+2, Fe+2, Ce+3, Co+2, 
Mg+2, Bi+2, Mn+2, Ni+2 and Zn+2) were tested at three different concentrations for 
CWAO of ferulic acid (Figure 3-1) at standard reaction conditions (100 °C, 180 
kPa oxygen partial pressure, 2h reaction time, 800 rpm stirring speed). It can 
be observed from Figure 3-1 that the most effective homogeneous catalysts 
were the Cu+2 and Fe+2 catalysts, removing more than 86% and 73% of TOC, 
respectively, at 100 °C after 120 minutes of reacti on for 0.1M catalyst 
concentration. Among Mn+2, Ce+2, and Bi+2 catalysts, all of the three catalysts 
achieved an almost similar level of %TOC removal (~65%) at higher 
concentration (0.1M), whereas at 0.01M catalyst concentration, Mn+2 showed a 
higher level of TOC reduction. The overall order of catalytic activity was 
observed to be Cu+2 > Fe+2 > Mn+2 > Ce+2 > Bi+2 > Co+2 > Zn+2 > Mg+2 >  Ni+2. 
Ni+2 ions displayed the lowest catalytic activity, removing 26 per cent of TOC at 
100°C after 120 minutes of reaction using 0.01M cat alyst concentration, which 
is still considerably higher than the 3% TOC removal that occurred for the blank 
test.  
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Figure 3-1. Catalyst loading (M) vs. percent TOC removal for oxidation of ferulic 
acid Reaction conditions: 100 °C, 180 kPa P O2, 2 h, 800 rpm (TOC removal for 
blank WAO is 3%). 
On the basis of the high TOC removal achieved using homogeneous copper; it 
was decided to focus on developing stable copper based heterogeneous 
catalysts.  
3.3.2 CWAO of ferulic acid using heterogeneous catalysts 
Based on the high TOC removal achieved using homogenous copper and 
previously reported findings using copper based heterogeneous catalysts, 
CWAO of ferulic acid was investigated using various heterogeneous copper 
based single metal and multi-metal catalysts. The catalysts were tested for their 
activity, stability, and also for the effect of solution pH on catalysts’ activity and 
stability. Four types of catalysts were tested for CWAO of ferulic acid at 100 °C 
under the standard reaction conditions:  
1. Alumina supported bulk metal oxide catalysts: (i) Cu-Al2O3, (ii) Cu-Ni-Al2O3  
(iii) Cu-Mn-Al2O3, (iv)Cu-Co-Al2O3.   
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2. Kaolin supported bulk metal oxide catalysts (i) Cu-Kaolin, (ii) Cu-Mn-Kaolin.  
3. Unsupported metal oxide catalysts (i) Cu-Fe-Mn,(ii) Cu-Co-Mn,  
4. Alumina supported highly dispersed catalyst (i) Cu-Ni-Ce-Al2O3.  
Some characteristics of the heterogeneous catalysts that were investigated are 
given in Table 3-1. All catalysts were prepared using a co-precipitation method.  
Table 3-1. Surface area and composition of catalysts studied. 
Catalyst Composition (wt%) 
Surface Area 
(m2/g) 
Cu-Ni-Al2O3 Cu – 18.3, Ni – 19.5 97 
Cu-Co-Al2O3 Cu – 23.5, Co – 3.8 95 
Cu-Mn-Al2O3 Cu – 24.0, Mn – 24.8 102 
Cu-Mn-Kaolin Cu – 8.3, Mn – 4.5 60 
Cu-Al2O3 Cu – 52.5 70 
Cu-Kaolin Cu – 18.0 55 
Cu-Co-Mn Cu – 54.4, Co – 28.7, Mn – 16.9 40 
Cu-Fe-Mn Cu – 40.9, Fe – 32.1, Mn – 27.0 34 
Cu-Ni-Ce-Al2O3 Cu – 2.1, Ni – 0.5, Ce – 1.2 196 
 
3.3.2.1 Activity  
The % TOC reduction with respect to reaction time for the heterogeneous 
catalysts tested is shown in Figure 3-2. Cu-Ni-Ce-Al2O3 and Cu-Mn-Al2O3 were 
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observed to be the most effective catalysts, achieving 81% and 75% TOC 
removal, respectively, after 120 min of CWAO at 100 °C.  
 
Figure 3-2. Percent TOC removal vs. reaction time for CWAO of ferulic acid 
Reaction conditions: 100 °C, 180 kPa P O2, 2 h, 800 rpm, 2 g/L catalysts. 
(CWAO test using alumina or kaolin under identical reaction conditions 
achieved < 3% of TOC removal). 
While comparing multi metal catalyst with single metal catalysts, it was 
observed that the multi metal catalysts achieved significantly higher TOC 
reduction compared to single metal catalysts. Cu-Al2O3 shows ~55% TOC 
reduction while Cu-Ni-Ce-Al2O3, Cu-Mn-Al2O3, and Cu-Ni-Al2O3 show much 
higher TOC reduction achieving 81%, 75%, and 60% respectively. Similarly, 
Cu-Mn-Kaolin also achieved ~60% TOC reduction, which was significantly 
higher than the 35% TOC reduction achieved using the Cu-Kaolin catalyst. This 
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is most likely due to different metal oxides displaying selectivity in oxidising 
various organic compounds.98, 99 
Cu2+, Mn2+, and Fe2+ ions were observed to be highly effective catalysts in the 
homogeneous phase, but the heterogeneous metal oxide catalyst Cu-Mn-Fe, 
without high surface area Al2O3 support, was not an effective catalyst. On the 
other hand, copper and manganese oxide catalysts supported on Al2O3 have 
shown considerable amounts of TOC reduction within 120 minutes of CWAO. 
This observation is most likely due to the availability of more catalytic active 
sites in the homogeneous and supported metal oxide catalysts in comparison to 
unsupported metal oxide catalysts, which suggests that a high-surface-area 
support is essential in this system.  
3.3.2.2 Stability  
3.3.2.2.1 Structural properties  
To further understand the crystalline patterns of various catalysts, XRD 
measurement was performed on all fresh and used catalysts (Appendix A). It is 
evident from XRD patterns that there is not any significant change in the peak 
widths of XRD peaks, suggesting that catalysts retain their crystalline patterns 
and do not change significantly under the reaction conditions used in this study. 
3.3.2.2.2 Leaching 
The extent of metal ion leaching has been summarised in Table 3-2. Figure 3-3 
shows details of the amount of copper leaching with respect to reaction time for 
these catalysts. The amount of copper leached from supported catalysts is 
significantly lower than from unsupported catalysts, which indicates that higher 
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surface area support not only provides well distributed active components but 
also binds them with greater force. The observed results are in good agreement 
with the study by Ihm et al.61 on CWAO of phenol using a CuO/Al2O3 catalyst. 
Ihm et al.61 reported that the copper leaching was significantly increased with 
an increase in copper oxide loading on the catalyst from 1 wt% to 20 wt%. Ihm 
et al.61 concluded that the catalyst with more than 7 wt% copper oxide loading 
behaves as bulk copper oxide which is easier to leach out than 1 wt% catalyst. 
Another interesting observation was that the leaching of copper was 
considerably reduced in the copper catalysts that also contained manganese. 
This is most likely due to changed crystal structure on the catalyst surface due 
to the presence of manganese oxide, which might have resulted in improved 
distribution of metal oxides on the catalyst surface. Various authors have 
reported similar synergistic effects of multi-metal catalysts for their improved 
activity.64, 100 To the best of the author’s knowledge, this type of synergistic 
effect of improved stability in a CWAO system is reported for the first time in 
this study. Among the catalysts tested, copper leaching was much lower for Cu-
Fe-Mn, Cu-Co-Mn, and Cu-Mn-Al2O3 catalysts. Also, copper leaching from Cu-
Mn-Al2O3 was observed to be significantly less compared to Cu-Al2O3 catalyst. 
This also suggests that multi-metal catalysts are more stable catalysts than 
single metal catalysts.  
Overall, among the various catalysts studied, Cu-Mn-Al2O3 has shown the best 
copper stability with less than 1 ppm of copper leaching. Cu-Ni-Ce-Al2O3 which 
achieved the highest TOC removal had a copper leaching of 10 ppm. 
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Another interesting observation is the concentration of leached copper in the 
solution is not constant. In general leaching increased with reaction time, 
however for the Cu-Mn-Kaolin and Cu-Mn-Co catalysts a different trend was 
observed with these catalysts having a high level of leaching at time zero 
followed by a decrease then a final increase. These observed trends for 
leaching of copper into the aqueous solution are most likely due to the effect of 
solution pH and the interaction of copper with intermediate organic compounds. 
In the literature, Arena et al.71 and Ihm et al.101 have reported higher 
percentage leaching of active metal components with decreasing solution pH. 
Also, Xu et al.102 have reported high level of iron leaching at the start and 
deposition of leached ions back to the catalyst towards the end of reaction. Xu 
et al.102 did not discuss the reason for this behaviour. Santos et al.83 have 
observed similar behaviour for a CuO/Al2O3 catalyst and concluded that the 
interaction between an intermediate oxidation product (oxalic acid) and leached 
copper is responsible for the observed trend in copper leaching. In the next 
section the dependence of copper leaching with respect to solution pH and the 
effect of intermediate organic compounds on leaching of copper has been 
explored in greater detail.  
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Figure 3-3. Cupric ions leached (ppm) with respect to time for various 
heterogeneous catalysts. Reaction conditions: 100 °C, 180 kPa PO2, 2 h, 800 
rpm, 2 g/L catalyst. 
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Table 3-2. Catalyst composition and extent of metal ions leached from various 
catalysts for CWAO of ferulic acid. Reaction conditions:100 °C, 180 kPa P O2, 2 
h, 800 rpm.  
Catalyst Leaching ppm (% leached) 
Cu-Ni-Al2O3 Cu: 16.5 ppm (4.5%), Ni: 10 ppm (2.6%) 
Cu-Co-Al2O3 Cu: 29.9 ppm (6.4%), Co: 9.6 ppm (12.8%) 
Co-Mn-Al2O3 Cu: 1.6 ppm (0.3%), Mn: 5.9 ppm (12.0%) 
Cu-Mn-Kaolin Cu: 15.9 ppm (9.6%), Mn: 53 ppm (58.9%) 
Cu-Al2O3 Cu: 38.1 ppm (3.6%) 
Cu-Kaolin Cu: 19.4 ppm (5.4%) 
Cu-Co-Mn 
Cu: 8.2 ppm (0.8%), Co: 10.0 ppm (1.7%), Mn: 34.8 ppm 
(10.3%) 
Cu-Fe-Mn Cu: 6.5 ppm (0.8%), 0.3 ppm (0.1%), Mn: 32.9 ppm (6.1%) 
Cu-Ni-Ce-Al2O3 
Cu: 11.0 ppm (21.0%), Ni: 3.1 ppm (32.6%), Ce: 3.4 ppm 
(14.5%) 
 
3.3.2.2.3 Solution pH during CWAO 
Solution pH vs. reaction time for all the tested catalysts is given in Figure 3-4 to 
Figure 3-12. The first general observation is that the final solution pH for most 
of these catalysts is within the pH range of 3.6 to 3.8 (except for Cu-Mn-Kaolin 
system which had a final solution pH of 4.8.). Another observation is that the 
solution pH decreased with increasing reaction time in all the systems studied. 
Also, at time zero, after reaching the reaction temperature and just before 
introducing oxygen, solution pH is observed to be within the range of 3.8 to 4.0 
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for most of the catalysts (except Cu-Mn-Kaolin which had a pH of 6.0 and Cu-
Mn-Al2O3 which had a pH of 6.3)  
3.3.2.3 Effect of solution pH  
The reason for observed trend of decreasing solution pH with reaction time is 
most likely the formation of intermediates (organic acids) which reduce the 
solution pH. Various authors have reported a decrease in solution pH due to 
the formation of lower molecular weight carboxylic acids.84, 103-108 For the 
CWAO of ferulic acid, the identified intermediate products were vanillin, vallic 
acid, 4-hydroxy-3-methoxy benzyl alcohol, 2-methoxy-4-vinyl-phenol, formic 
acid, and 2-butenoic acid. The reaction mechanism is discussed in section 
1.3.2.5 Another observation is that although most of the tested catalysts have 
final solution pH between 3.3 to 3.8 , the amount of copper leached from these 
catalysts is different, for example, 1 ppm for Cu-Mn-Al2O3 and 45 ppm for Cu-
Al2O3. This shows that, as discussed in the literature review, the solution pH 
certainly has an effect on catalyst stability but the composition and structure of 
catalysts have a greater contribution towards catalyst stability.  
All of the catalysts have shown similar solution pH trend with respect to 
reaction. The final solution pH observed was between 3.3-3.8 for most of the 
catalysts. Only Cu-Mn-Kaolin had final solution pH of 5.0 
The most active catalyst Cu-Ni-Ce-Al2O3 achieved 81% of TOC reduction within 
two hours of reaction time and had a leached copper concentration of 11 ppm. 
The observed solution pH was 4.0 at time zero and decreased to 3.5 at the end 
of two hours reaction. To further narrow down the effect of solution pH on 
activity and stability of the Cu-Ni-Ce-Al2O3 catalyst, it was decided to perform 
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CWAO of ferulic acid at constant solution pH, and preferably in alkaline 
conditions as the main active component of the catalysts (copper oxide) is only 
slightly soluble at higher pH109. Hence a constant pH of 10 was selected for 
further study.  
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Figure 3-4. CWAO of ferulic acid using Cu-Al2O3 catalysts. (A) reaction time vs. 
%TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Al2O3 catalyst. 
 
Figure 3-5.CWAO of ferulic acid using Cu-kaolin catalysts. (A) reaction time vs. 
%TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Kaolin catalyst. 
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Figure 3-6. CWAO of ferulic acid using Cu-Co-Al2O3 catalysts. (A) reaction time 
vs. %TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Co-Al2O3 catalyst. 
 
Figure 3-7. CWAO of ferulic acid using Cu-Ni-Al2O3 catalysts. (A) reaction time 
vs. %TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Ni-Al2O3 catalyst. 
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Figure 3-8. CWAO of ferulic acid using Cu-Mn-Al2O3 catalysts. (A) reaction time 
vs. %TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Mn-Al2O3 catalyst. 
 
Figure 3-9. CWAO of ferulic acid using Cu-Mn-Kaolin catalysts. (A) reaction 
time vs. %TOC reduction, (B) reaction time vs. leaching of copper and solution 
pH. Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid ppm, 
2 g/L Cu-Mn-Kaolin catalyst. 
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Figure 3-10. CWAO of ferulic acid using Cu-Co-Mn catalysts. (A) reaction time 
vs. %TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Co-Mn catalyst. 
 
Figure 3-11. CWAO of ferulic acid using Cu-Mn-Fe catalysts. (A) reaction time 
vs. %TOC reduction, (B) reaction time vs. leaching of copper and solution pH. 
Reaction conditions: 100 °C, 2 h, 180 kPa P O2, 1000 ppm ferulic acid, 2 g/L Cu-
Mn-Fe catalyst. 
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Figure 3-12. CWAO of ferulic acid using Cu-Ni-Ce-Al2O3 catalysts. (A) reaction 
time vs. %TOC reduction, (B) reaction time vs. leaching of copper ions and 
solution pH. Reaction conditions: 100 °C, 2 h, 180 kPa PO2, 1000 ppm ferulic 
acid, 2 g/L Cu-Ni-Ce-Al2O3. 
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3.3.2.4 Effect of constant solution pH  
A buffer is usually the preferred option to maintain constant pH. The first 
attempt to maintain constant pH involved the use of 500 mg/L of sodium 
bicarbonate buffer as per Santos et al.,47 This approach was observed to be of 
limited success in maintaining constant pH for the system under consideration. 
This is most likely due to the formation of much higher amount of lower 
molecular weight carboxylic acid compared to available buffer capacity for the 
given buffer concentration. In the second attempt to maintain a constant 
solution pH, a 10 times more concentrated sodium bicarbonate solution was 
used (5 g/L). In this case, the buffer concentration was strong enough to 
maintain a high constant solution pH of 10.0. Significantly low leaching of 
copper was observed for this experiment (Table 3-3), but while providing 
improved stability, the buffer reaction media had a significant effect on total 
TOC reduction. The TOC reduction, when a buffer was used to maintain a 
constant solution pH of 10, was only 25% of the observed TOC reduction with 
the same catalyst under identical reaction conditions without buffer (at lower 
solution pH). The reason for the decreased TOC reduction at high solution pH 
was most likely due to following two reasons 
1) The scavenging effects of the buffer 
 As discussed in the literature review, the catalytic wet air oxidation process 
predominately oxidised organics via a free radical oxidation mechanism. These 
free radicals are very short lived and the presence of high strength carbonate 
buffer kills some of the free radicals which otherwise directly attack the 
organics.   
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 2) The presence of ferulic acid as ferulate ions at high solution pH 
The pKa and pKb values of ferulic acid are 4.5 and 9.4,110 respectively. Hence 
at a solution pH of 10 the majority of the ferulic acid is in the form of trans-4-
sodium hydorxide-3-methoxy sodium cinnamate (Figure 3-13).  
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Figure 3-13. Ferulic acid structure change with change in solution pH. 
In general CWAO using a heterogeneous catalyst involves the adsorption of 
organic compounds and oxygen on the catalyst surface followed by reaction 
between them. For ferulic acid CWAO, at solution pH more than 9.5, ferulic acid 
exists as the trans-4-sodium hydorxide-3-methoxy sodium cinnamate, which 
will most likely be repulsed from the catalyst’s surface. This observation was 
confirmed as the catalyst was analysed for adsorbed organic carbon and none 
was detected. Also, at time zero TOC removal was 3% for the CWAO reaction 
with constant solution pH at 10; whereas for the low pH CWAO reaction, at time 
zero TOC removal was 40% due to the initial adsorption of the ferulic acid (this 
mechanism is discussed in detail in the following sections).   
A different approach (use of NaOH) was taken to overcome these adverse 
effects of bicarbonate buffer on CWAO. A predetermined amount of NaOH 
(determined by titration with ferulic acid) was added at the start of the reaction 
to maintain a constant solution pH of 10. After some experiments, it was 
observed that 6 ml of 0.1M NaOH was sufficient to maintain constant pH for the 
reaction conditions under investigation (1.5 mM NaOH). For this experiment, a 
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constant pH was observed, while at the same time constant low leaching was 
also observed (Table 3-3). Thus, it was concluded that variation in solution pH 
is mainly responsible for the variation in the amount of copper leached for any 
particular CWAO system. 
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Table 3-3 CWAO of ferulic acid using carbonate buffer and NaOH. 
 
Reaction 
conditions Catalysts Organics 
Leaching of 
Cu+2 (ppm) 
% TOC removal 
(2h reaction) 
Carbonate 
buffer NaOH 
Blank test (with 
catalyst, no 
organics) 
100 °C, 25 PSI 
PO2, pH = 10 
0.2 wt% Cu-
Ni-Ce-Al2O3 N.A. < 0.1 ppm N.A. 5 g/L N.A 
WAO test (no 
catalyst)  
100 °C, 25 PSI 
PO2, pH = 10 
No catalyst Ferulic acid (1000 ppm) N.A. <2% 5 g/L N.A. 
CWAO test (with 
catalyst, with 
organics) 
100 °C, 25 PSI 
PO2, pH = 10 
0.2 wt% Cu-
Ni-Ce-Al2O3 
Ferulic acid 
(1000 ppm) < 0.4 ppm 20% 5 g/L N.A. 
CWAO test (with 
catalyst, with 
organics) 
100 °C, 25 PSI 
PO2, pH = 10 
0.2 wt% Cu-
Ni-Ce-Al2O3 
Ferulic acid 
(1000 ppm) < 1.0 ppm 44% N.A. 
1.5 mM 
NaOH 
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3.3.2.5 Mechanism studies 
3.3.2.5.1 Optimum catalyst loading 
The effect of catalyst loading on activity is one of the critical parameters to explore 
in order to understand the oxidative mechanism of a catalyst. The effect of catalyst 
loading (0 to 10 g/L) on ferulic acid CWAO was investigated. Figure 3-14 shows 
the TOC removal for CWAO of ferulic acid at 100 °C reaction temperature, 25 PSI 
oxygen partial pressure and 1 hour of reaction time. The TOC removal was 
observed to increase with increased catalyst loading.  
The amount of TOC removal at time zero, during the heat up period, was observed 
to be more than 90% for a catalyst loading of more than 5 g/L (not shown on the 
figure). This indicated that either a significant amount of ferulic acid adsorbed onto 
the catalyst during the heat up period or degradation of ferulic acid occurred. 
Analysis of the organic carbon adsorbed on the catalyst at time zero for different 
catalyst loadings suggested that the observed high TOC removal (>90%) for 
catalyst loadings of more than 5 g/L were mainly due to adsorption of ferulic acid 
on to the catalyst and not due to the oxidation of it. Also, for catalyst loadings more 
than 5 g/L , on introduction of oxygen at time zero, the reaction kinetics were too 
fast to follow the changes that occurred in the TOC concentration. For example, 
the TOC reduction at 6 g/L catalyst loading was observed to be 95% within 10 
minutes of reaction time. Based on these results a catalyst loading of 2 g/L was 
selected for subsequent experiments to allow for the collection of an adequate 
amount of experimental data to study the mechanism of CWAO of ferulic acid.  
The absence of mass tranport limited oxidation was confirmed by perfroming 
experiment using variable agitation speed for constant organic and oxygen load, 
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and by performing experiment using variable oxygen load for constant organic 
load and agitation speed for this catalyst loading.  
 
Figure 3-14. Effect of catalyst loading on TOC removal. Reaction conditions: 100 
°C, 1 h, 180 kPa P O2, 1000 ppm ferulic acid. 
3.3.2.5.2 Homogeneous or heterogeneous activity? 
A number of studies have been reported for high efficiency of homogeneous 
copper catalysts for CWAO reaction. 7, 83, 111 With this fact in mind and  based on 
the catalyst stability results (which indicated that copper was leached during test), 
the observed activity was considered to be most likely due to a combination of 
catalysed oxidation due to the solid catalyst and oxidation due to homogeneous 
leached active metal ions. Cu-Ni-Ce-Al2O3 and Cu-Mn-Al2O3 catalysts were 
selected for further investigation due to the activity and reasonable stability of 
these catalysts.  
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Three sets of experiments were performed to understand the homogeneous 
and/or heterogeneous oxidation mechanism.  
• CWAO of ferulic acid using 2 g/L of Cu-Ni-Ce-Al2O3 catalyst loading. This 
will be referred to as the heterogeneous component for further discussion  
• CWAO of ferulic acid with the chloride salts of Cu2+, Ni2+, and Ce3+ ions at 
the same concentration as if there is no alumina support available for 2 g/L 
of Cu-Ni-Ce-Al2O3 catalyst. This will be referred as the homogeneous 
component for further discussion.  
• CWAO of ferulic acid with the chloride salts of Cu2+, Ni2+, and Ce3+ ions of 
the same amount as that leached in CWAO experiments with 2 g/L of Cu-
Ni-Ce-Al2O3 loading. This will be referred as leached component in the 
further discussion.  
Figure 3-15 shows the results for CWAO of ferulic acid using the homogeneous 
component, the heterogeneous component, and the leached component for the 
Cu-Ni-Ce-Al2O3 catalysts. Figure 3-16 shows similar results for the Cu-Mn-Al2O3 
catalyst. For both of these catalysts, a significant difference (~60%) was observed 
between TOC removal for the heterogeneous component and the leached 
component of the catalyst, leading to the conclusion that the role of heterogeneous 
activity is dominant for the system under investigation. 
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Figure 3-15. Effectiveness of homogeneous catalyst, heterogeneous catalyst and 
leached component for Cu-Ni-Ce-Al2O3 catalyst. Reaction conditions: 100 °C, 2 h, 
180 kPa PO2, 1000 ppm ferulic acid, 2 g/L Cu-Ni-Ce-Al2O3 catalyst. 
 
Figure 3-16. Effectiveness of homogeneous catalyst, heterogeneous catalyst and 
leached component for Cu-Mn-Al2O3 catalyst. Reaction conditions: 100 °C, 2 h, 
180 kPa PO2, 1000 ppm ferulic acid, 2 g/L Cu-Mn-Al2O3 catalyst. 
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3.3.2.5.3 Adsorption/desorption/oxidation mechanism: 
Based on the results obtained for the catalyst loading experiments and the 
identification of heterogeneous catalysis as the dominant catalysis oxidation 
mechanism for CWAO of ferulic acid using the Cu-Ni-Ce-Al2O3 catalyst, it was 
hypothesized that at least one of the mechanisms of CWAO of ferulic acid using 
Cu-Ni-Ce-Al2O3 involves adsorption of ferulic acid and hence most likely the 
overall mechanism involved an adsorption/ desorption/ oxidation mechanism.  
The possibility of an adsorption/desorption/oxidation mechanism was investigated 
by performing CWAO of ferulic acid at 100 °C and 15 0 °C (keeping all other 
reaction conditions constant). The results of these tests are presented in Figure 
3-17.  
 
 Figure 3-17. CWAO of ferulic acid at 100 °C and 15 0 °C. Reaction conditions: 25 
PSI PO2, 800 rpm stirring, 2h, 2 g/L Cu-Ni-Ce-Al2O3 catalyst. 
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A significant amount of TOC was removed at time zero, prior to the addition of 
oxygen, in the systems containing catalyst (40% at 100 °C and 60% at 150 °C). At 
the same time, no significant TOC removal occurred in the non-catalytic systems. 
Hence, the TOC removal that occurred at time zero in the catalytic systems should 
be accounted for either by ferulic acid adsorption on the catalyst or direct oxidation 
of ferulic acid by the catalyst’s lattice oxygen, or both. To understand this 
behaviour, the time zero aqueous samples were investigated as below: 
• GC-MS analysis of aqueous sample at time zero for WAO/CWAO of ferulic 
acid at 150 °C and 100 °C  
• Electrospray analysis of aqueous sample at time zero for WAO/CWAO of 
ferulic acid at 150 °C and 100 °C 
For WAO of ferulic acid at 100 °C and 150 °C tests,  one molecular ion (193 a.m.u) 
was observed for the electrospray analysis of time zero samples (Figure 3-19 for 
150 °C WAO test and 100 °C result is not shown in f igure). This observation 
suggests that ferulic acid has not undergone any degradation during the heat up 
period for 100 °C and 150 °C WAO tests.  
Figure 3-18 shows the electrospray analysis of the time zero samples for 100 oC 
CWAO. It is evident that at time zero for the 100 °C test, there is only one 
molecular ion (193 a.m.u) which is due to ferulic acid itself. On the other hand, two 
molecular ions (151 and 193 a.m.u) were observed in the time zero sample from 
the 150 °C CWAO test (Figure 3-20). Further analysi s using GC-MS confirmed 
that for the time zero sample of the 100 °C CWAO te st ferulic acid is not 
undergoing partial oxidation to other organic compounds. Whereas, at time zero 
for the 150 °C CWAO test, ferulic acid is convertin g partially to the daughter 
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organic compound 2-methoxy-4-vinylphenol. These observations can be 
summarised as below:  
• At 100 °C, in the absence of oxygen, no break down  of ferulic acid was 
observed (with or without catalyst).  
• At 150 °C, in the absence of oxygen, no breakdown of ferulic acid was 
observed in the absence of catalyst. But ferulic acid was observed to be 
partially broken down to 2-methoxy-4-vinylphenol in the presence of 
catalyst and even in the absence of oxygen.  
• The time zero TOC removal with catalysts at 100 °C  is 40% which is lower 
in comparison to the time zero TOC removal for the150 °C CWAO test 
(62%).  
In principle, adsorption decreases with increasing temperature as adsorption is 
usually an exothermic process. Hence the observed higher TOC removal at time 
zero for the 150 °C test compared to the 100 °C tes t is most likely not due to  
increased adsorption of ferulic acid. Whereas, the presence of breakdown product 
2-methoxy-4-vinylphenol in the time zero sample of CWAO at 150 °C indicates 
that ferulic acid was oxidised to 2-methoxy-4-vinylphenol using the catalyst’s 
lattice oxygen and/or via decarboxylation of ferulic acid. This observed oxidation/ 
decarboxylation is most likely responsible for observed higher TOC removal at 
time zero for 150 ° CWAO test compared to TOC remov al at time zero for 100 °C 
CWAO test.  
To further support this conclusion, catalyst digestion using aqua regia was 
performed to confirm the amount of organic carbon adsorbed on the catalysts. In a 
typical analysis, a known amount (20 mg) of filtered, air-dried catalyst collected at 
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time zero was dissolved in 2 ml of aqua regia and diluted using MilliQ water. The 
pH was adjusted to 3.0 using NaOH prior to TOC analysis. The catalyst digestion 
tests revealed that nearly all (39% out of 40%) observed TOC reduction at time 
zero for the 100 °C test is due to adsorption of fe rulic acid on the catalyst. On the 
other hand, only approximately half (35% out of 62%) of the observed TOC 
reduction for the time zero sample at 150 °C was du e to adsorption. These results 
further confirm that the observed higher TOC removal at time zero for the 150 °C 
test is due to the oxidation of ferulic acid that occurs using the catalyst’s lattice 
oxygen and/or due to a catalysed decarboxylation reaction occurring. Also, no 
oxidation of ferulic acid occurred using the catalysts lattice oxygen at time zero for 
100 °C test. 
It is interesting to understand the fate of organics adsorbed by the catalyst. To 
further explore this, a semi-quantitative FTIR analysis was performed for very 
specific tests, which are discussed in the next section.  
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Figure 3-18. Electrospray analysis of time zero sample for 100 °C (with catalyst). 
 
 
Figure 3-19. Electrospray analysis of time zero sample at 150 °C test (without 
catalyst). 
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Figure 3-20. Electrospray analysis of the time zero sample at 150 °C (with 
catalyst). 
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3.3.2.5.4 Fate of adsorbed organics on catalyst surface  
From the previous discussion, it was observed that ferulic acid is adsorbed on the 
catalyst’s surface during the heat-up period and no oxidation or decarboxylation 
was identified in the aqueous phase during this period in the absence of oxygen 
for CWAO at 100 °C. To enhance the understanding of  this adsorption, 
experiments were performed to determine the type of adsorption (chemisorption or 
physico-adsorption) and the fate of adsorbed ferulic acid in the latter stages of 
CWAO under oxygenated conditions.  
These experiments were conducted as follows: the reaction solution containing 
1000 ppm ferulic acid was heated up to 100 °C with catalyst and no oxygen and 
then cooled down to room temperature. The recovered catalyst was then filtered 
and suspended in 400 ml of water. The solution of water plus filtered catalyst was 
then heated up to 100 °C and oxygen was added (tota l pressure of 42 PSI) and 
maintained throughout the test. Approximately 100 ml of solution was removed at 
time zero, 15 minutes, 30 minutes and 60 minutes and the catalyst was recovered 
from these solutions and analysed for adsorbed organic carbon. The amount of 
organic carbon (% of actual ferulic acid concentration, 1000 ppm) adsorbed to the 
catalyst at various stages of the reaction is given in Table 3-4  
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Table 3-4. TOC adsorbed on the filtered catalyst surface. Reaction conditions: 100 
°C, 25 PSI P O2. 
Catalyst filtered at different time % TOC adsorbed on catalyst surface 
Catalyst (not exposed to ferulic acid) 0% 
Time zero 39.0% 
15 minutes 29.0% 
30 minutes 14.9% 
60 minutes 12.2% 
 
3.3.2.5.4.1  Chemisorption at time zero 
Figure 3-21 shows FTIR spectra all of the collected catalyst samples. The 
spectrum at time zero shows similar peaks to those in the FTIR of pure ferulic acid 
with some differences indicating that the nature of adsorption is chemisorption. 
This is especially evident in the double bond region due to the possibility of 
forming a complex with metal ions on the catalyst surface. The peaks at 1697, 
1669, 1616 and 1602 cm-1 characteristic of ferulic acid have disappeared and 
instead two peaks at 1640 and 1597 cm-1 have appeared for time zero filtered 
catalyst.   
3.3.2.5.4.2  Reaction with oxygen  
On addition of oxygen to the system at time zero, the adsorbed ferulic acid will 
most likely be in close contact to oxygen adsorbed on the catalyst surface. Over 
time, the characteristic peaks of ferulic acid disappear and new peaks can be 
identified (such as the peak at 1068 cm-1). This indicate formation of new 
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compounds due to the oxidation (the products). The reaction products were 
analysed using GC-MS and the reaction pathways have been proposed in the next 
section. 
 
 
 
 
 
 
 
 
 
 
Figure 3-21. FTIR spectra of filtered catalysts. 
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Time zero catalyst 
60 min catalyst 
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Feruilc acid 
 - 99 - 
3.3.2.5.5 Reaction pathways 
Based on the products identified by organic analysis, a reaction pathway for 
oxidation of ferulic acid using Cu-Ni-Ce-Al2O3 catalyst at 100 °C and 25 PSI 
oxygen partial pressure has been proposed in Figure 3-22.   
 
Figure 3-22. Proposed reaction pathways for CWAO of ferulic acid.  
In the CWAO literature, various authors have observed the formation of lower 
molecular weight carboxylic acid as end reaction products7, 43, 112. Surprisingly, for 
CWAO of ferulic acid only 2-butenoic acid and formic acid were identified as 
oxidation products, while acetic acid was not identified. This suggests that either 
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acetic acid does not form during the oxidation or it gets oxidised quickly to formic 
acid and carbon dioxide. The condensation or polymerization of ferulic acid was 
ruled out as the observed adsorption/desorption /oxidative mechanism suggests 
that ferulic acid initially gets adsorbed to the catalysts’ surface and with the 
introduction of oxygen it gets oxidised and the products released to the aqueous 
solution.  
3.3.2.6 Catalyst reuse 
Catalyst re-usability was studied to determine the catalyst life cycle. At the end of 
first use, the catalyst was filtered, washed several times with MilliQ water, and air 
dried before it was re-used. The catalyst was not regenerated and hence it carried 
over any adsorbed organics. The collected catalyst was re-used for CWAO of 
fresh ferulic acid solution. The 2nd, 3rd, and 4th re-use of catalyst was conducted 
using the same methodology. The %TOC removal for the catalyst re-use studies is 
presented in Table 3-5. It can be observed that the catalyst is still quite active even 
on fourth catalyst re-use.  
Table 3-5. Catalyst reuse. Reaction conditions: 100 °C and 150 °C, 180 kPa PO2,  
2 g/L Cu-Ni-Ce-Al2O3 catalyst.  
Number of run % TOC removal 
 150 °C 100 °C 
1 83 75 
2 70 39 
3 68 42 
4 66 40 
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3.4 Conclusions and recommendations  
Nine homogeneous catalysts were tested. Homogeneous copper was the most 
effective catalyst achieving ~95% of TOC reduction after 1 hour reaction time with 
0.1 M catalyst concentration at standard reaction conditions. Homogeneous 
copper is also quite effective at a much lower concentration of 10-3M (~60% TOC 
removal observed for 1 hour reaction time). The overall order of catalytic activity 
for various salts was observed to be Cu+2 > Fe+2 > Mn+2 > Ce+2 > Bi+2 > Co+2 > 
Zn+2 > Mg+2 >  Ni+2.   
Based on the observed results for homogeneous copper, various supported 
copper catalysts, single and multi metallic were prepared. Cu-Mn-Al2O3 and Cu-Ni-
Ce-Al2O3 achieved the highest TOC reduction of 74% and 81% respectively with 2 
hours reaction time and with catalyst loading 2 g/L at 100 °C. Also, in general, the 
multi metal catalysts have shown higher TOC removal in comparison to single 
metal catalysts. This is most likely due to the synergistic effect due to the 
formation of new active sites in multi-metal oxide catalytic syste.  
The time dependent leaching of copper was monitored for all of these catalysts. 
Cu-Mn-Al2O3 has shown the least amount (1 ppm) of copper leaching and Cu-Ni-
Ce-Al2O3 has shown copper leaching of 10 ppm. Multi metal catalysts have shown 
higher level of resistance to leaching in comparison to single metal catalysts and 
unsupported metal oxide catalysts. This shows that inert higher surface area 
support not only provides well distributed active component but it also provides 
greater binding force which reduces leaching. In addition to these, synergistic 
effect between copper and manganese was observed. All catalysts with 
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manganese presence have shown higher resistance to copper ions leaching to the 
solution. 
A direct relationship between copper leaching to the solution and solution pH was 
observed. Time dependent pH and copper leaching are in good agreement. Also, 
significantly less and constant copper leaching was observed while maintaining pH 
using NaOH buffer.  
For Cu-Ni-Ce-Al2O3 and Cu-Mn-Al2O3 catalysts, the oxidation due to leached metal 
ions as well as oxidation due to heterogeneous component of the catalysts was 
studied. It was concluded that for both the catalysts, the true heterogeneous 
oxidation is dominant compared to oxidation due to leached metal ions. Also, the 
adsorption, desorption, and oxidative mechanism was studied in greater details for 
Cu-Ni-Ce-Al2O3 catalyst with the optimum catalyst loading of 2 g/L. It was 
concluded that the observed TOC removal at time zero for 150 °C is mainly due to 
adsorption and due to the oxidation of ferulic acid using the catalyst’s lattice 
oxygen. Whereas, for 100 °C CWAO, the observed TOC removal at time zero is 
mainly due to adsorption of ferulic acid on the catalyst’s surface.  
The fate of adsorbed ferulic acid on the catalysts surface was studied for the 100 
°C CWAO test. It was concluded that catalyst adsorbed ferulic acid at the start and 
gradually release during the reaction. Various products due to oxidation of ferulic 
acid were identified and an oxidative reaction mechanism has been proposed. The 
catalyst re-use tests have been performed and the catalyst was found to be active 
even after the fourth reuse. From the obtained results, Cu-Ni-Ce-Al2O3 and Cu-
Mn-Al2O3 were recommended to study CWAO of pulp and paper mills effluent.  
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Chapter 4: Catalytic wet air oxidation of ferulic acid 
using nanocatalysts  
4.1 Introduction and background 
In the previous chapter, CWAO of ferulic acid using conventional copper based 
supported catalysts was investigated. Another versatile and little explored 
approach to treat industrial wastewater is the use of advanced nano materials as 
catalysts, and in particular, supported metal based nano-catalysts. Their high 
specific surface area, low density and cost-effectiveness are particularly notable 
attributes.113 Also, the principle advantage of metal based nano catalysts is that 
they are very easy to deploy, engineer, and maintain (as reactor walls or as 
catalyst rods).96 In general, the literature covering application of nano catalysis to 
CWAO is limited. For example, although copper based catalysts are known to be 
the most active transition metal based catalyst for most of the CWAO processes,7 
to the author’s best knowledge, there has been no study conducted on the use of 
nano copper catalysts to treat pulp and paper mills effluents or the model 
compound ferulic acid. 
Table 4-1 summarises studies that have utilised nano catalysts in the field of 
CWAO and 
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Table 4-2 summarises successful use of nano copper catalysts for various other 
applications. The application of heterogeneous supported nano copper catalysts 
for treatment of other wastewaters of high TOC values and toxic nature, or model 
compounds is also limited. It is evident that most of the studies undertaken for the 
application of nano catalysts are in homogeneous phase and only few 
heterogeneous applications have been explored. In fact, the synthesis as well as 
the assembly of these nano catalysts is an underlying challenge.96 Also, the routes 
of synthesis have great impact on the stability and activity of the catalyst.114  
In this chapter, the galvanic replacement reaction has been utilized as a novel 
route for the synthesis of metal supported copper nano catalysts. The galvanic 
replacement reaction is a single-step reaction which utilizes the differences in the 
standard electrode potentials of various elements, leading to deposition of the 
more noble element and dissolution of the less noble component.  
The specific aims of this chapter were as follows:  
• Exploration of innovative synthesis routes for supported nano copper 
catalysts and the full characterization of newly synthesized catalysts in 
great details  
• Study of newly developed catalysts’ stability and activity for CWAO of ferulic 
acid  
• Comparison of activity and stability of nano transition metal oxide catalysts 
with conventional catalysts for CWAO of ferulic acid 
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Table 4-1. Application of nano catalysts for CWAO of industrial effluents and 
model compounds.  
Carbon nano tube for CWAO of phenol 
76% TOC 160 °C, 2 MPa 
Stability or leaching not studied 
Yang et al.115 
Pt/ Carbon nano tube  
Phenol, 98% TOC, 200 °C, 2 MPa 
Catalyst observed to be stable  
Ovejero et al.116 
Co2O4, CuO, NiO nano particles 
CO to CO2 study Radwan et al.
117
 
Nano Pt on mesoporous carbon support Zeng et al.118 
TiO2 nano tube supported on Cd, Zn 
Just catalyst development Li et al.
119
 
Nano TiO2 
Photo oxidation of Phenol Andersson et al.
120
 
CWAO of anilline using Me-Ce-O nano catalyst 
90% TOC reduction, 140 °C 
Fast activation observed due to leaching 
Levi et al.121 
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Table 4-2. Nano copper catalysts application for various applications other then 
CWAO. 
Cu, Ni, nano catalysts/ Zeolite-Y 
Application: Oxidation of styrene, cyclohexane, and 
methyl phenyl sulfide 
Maurya et al.122 
Nano Cu-ZrO2 Catalyst 
Application: Catalytic combustion of methane  Qu et al.
123
 
Nano CuO-La2O3-ZrO2 catalyst  
Application: production of hydrogen by ethanol steam 
reforming 
Wu et al.124 
Nano CuO-TiO2 
Application: hydrogen storage Cui et al.
125
 
Cu-Bi nano catalysts  
Application: photo degradation of methyl orange  Yan et al.
126
 
Nano CuO/CeO2 catalysts 
Application: CO oxidation Zheng et al.
127
 
Nano TiO2 catalyst 
Application: photocatalytic degradation of 
salicylhydroxamic acid  
Wang et al.128 
Nano Pd-Cu/Al2O3 catalyst  
Application: CO oxidation 
Bi-metallic system is more effective  
Wu et al.129 
Nano TiO2 particles  
Application: photodestruction of dichloroacetic acid Bahnemann  et al.
130
 
Nano metal powders Cu, Ni 
Application: decomposition of glycidyl azide polymer Chen et al.
131
 
 
4.2 Experimental 
Please refer to chapter 2 for all details regarding materials and methods used in 
this chapter.  
4.3 Results and discussion 
4.3.1 Catalyst synthesis and characterization  
Galvanic replacement reactions operate on the basis of differences in the standard 
reduction potential of the systems under investigation. Supported nano copper 
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catalysts were prepared using galvanic replacement reaction between nickel foil 
(Ni0) and copper salt (Cu+2). The synthesised catalysts were characterised using 
various techniques such as SEM, TEM, XPS, XRD, and Auger imaging. 
4.3.1.1 SEM and TEM analysis 
Figure 4-1A shows the representative SEM image recorded from nickel foil before 
its reaction with cupric ions (Cu+2). The SEM image clearly indicates a relatively 
flat surface of the nickel foil used to prepare the catalyst for this study (Figure 4-1A 
and B). Figure 4-1B shows a representative SEM image of the nickel surface after 
its reaction with cupric ions for 30 min. It is evident from the SEM images (Figure 
4-1) that the reaction of nickel metal with cupric ions results in a network-like 
highly porous nickel surface as a result of the kinetically favourable replacement 
reaction between elemental nickel and cupric ions. As mentioned before, galvanic 
replacement reactions operate on the basis of differences in the standard 
reduction potential of the systems under investigation. Since the standard 
reduction potential of the Cu2+/Cu pair (+0.34 V with respect to standard hydrogen 
electrode (SHE)) is higher than that of the Ni2+/Ni pair (-0.25 V with respect to 
SHE), the nickel membrane in aqueous solution can be oxidized by CuCl2 
according to the following replacement reaction: 
        Equation  
Ni(s)0 + Cu2+(aq)→ Cu(s)0 + Ni2+(aq)   (4.1) 
The oxidation of Ni0(s) into Ni2+(aq) ions leads to its leaching in the surrounding 
aqueous environment and elemental copper (Cu0) is simultaneously produced, 
which is deposited onto nickel foil. In the current system of interest (copper- 
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nickel), where displacing and sacrificing metals manifest equal state of oxidation 
(2:2), the odds to obtain a layer that perfectly reproduces the substrate 
morphology are substantially higher. Also, the difference in standard reduction 
potential between these pairs is 0.59 V, which is quite close to the over potential 
limit of 0.6 V. This makes the transmetallation reaction fast enough to observe 
changes in morphology over the reaction time (30 min to 8 hours).132  Ideally, an 
ideal layer-by-layer replacement growth of copper on nickel should be observed.133 
In the author’s view, such growth does take place to a large extent in these 
experiments. However, the departure from ideality is expected due to the atomic 
size difference between the growing and sacrificial metal, the inherent roughness 
of the nickel foil used as a sacrificial metal, and also because stoichiometric redox 
exchange is initialized mainly on the flat terraces (it is easier to replace an atom 
from a terrace site than from a step and/or kink site).134 Following these 
discussions, it is highly possible that the galvanic replacement reaction on rough 
nickel foil would lead to the deposition of elemental copper at various nucleation 
sites in the form of nanoparticles. Moreover, the continuous diffusion of cupric ions 
as well as nickel (II) ions during the reaction would eventually lead to deeply-
inherited nanoporous copper structures on the sacrificial nickel surface until the 
nickel template is completely consumed.  
In order to understand the implications of the transmetallation reaction in the 
copper-nickel system and to determine the level of porosity achieved, the copper-
nickel foil obtained after the transmetallation reaction was subjected to 
ultrasonication in water for 1 h and the solution obtained thereafter was dried onto 
a carbon TEM grid and subjected to TEM measurements. Figure 4-2 shows the 
representative TEM images of the copper-nickel hybrid structures separated from 
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the nickel foil during ultrasonication. The TEM images clearly indicate the 
formation of sieve-like porous structures as a result of the transmetallation reaction 
(Figure 4-2 A and B). The higher magnification TEM image (inset Figure 4-2 B) 
clearly indicates the formation of honeycomb structures with pores and particles 
ranging in sub-5 nm size regime. It also appears from these honeycomb structures 
that the porosity is not limited to the surface, but is deeply inherited, making the 
nickel foil highly porous and hence significantly enhancing the overall porosity. 
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Figure 4-1. SEM images showing the surface of the nickel foil before (A) and after 
(B) its reaction with cupric ions for 30 min.  
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Figure 4-2. TEM images showing the copper-nickel nanocatalyst surface after 4 h 
of galvanic replacement reaction. The inset in B shows the honeycomb structures 
observed during the higher magnification imaging. 
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4.3.1.1.1 Time dependent transmetallation reaction 
A time dependent transmetallation reaction was performed between nickel foil and 
copper salt to enhance the understanding of the change in surface morphology 
that occurs during the preparation of the copper-nickel nanocatalyst.  
Figure 4-3 shows the representative SEM images of the copper-nickel system 
obtained after reaction of nickel foil with cupric ions for 30 min (A-B), 1 h (C-D), 2 h 
(E-F), 4 h (G-H) and 8 h (I-J) respectively. It is clear from the SEM images that 
nickel foil becomes highly rough and porous after reaction with cupric for 30 min 
(Figure 4-3 A-B) when compared to its surface before the reaction (Figure 4-1 A). 
As the reaction proceeds, the cupric ions begin to penetrate through the preformed 
pores, leading to hollow/porous ball-like structures within 1 h (Figure 4-3 C), which 
on higher magnification appear to consist of flakes (Figure 4-3 D). When the 
reaction between nickel foil and cupric ions is continued for 2 h, the cupric ions 
begin to react with pre-formed flakes, leading to formation of rosette-like structures 
after 2 h of reaction (Figure 4-3 E-F). On further exposure to cupric ions until 4 h, 
these rosette structures break apart into smaller perforated balls (Figure 4-3 G-H). 
These micron-sized balls further break open in 8 h, leading to overlaying flat 
copper-nickel networks consisting of nanowires and nanoribbon-like structures 
(Figure 4-3 I-J). Although SEM imaging only records the changes in surface 
morphology of nickel foil during the transmetallation reaction, from the time-
dependent SEM analysis it appears that the underlying layers of nickel foil are 
continuously exposed to fresh cupric ions, leading to the creation of enhanced 
porosity, the enhancement of the surface area and the deposition of more copper 
in the nickel foil (Figure 4-3 A-J). This is also evident by cross-sectional SEM 
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imaging of nickel foil obtained by transmetallation reaction with cupric ions for 4 h, 
which in fact suggests that deeply-inherited nanoporous structures can be created 
using transmetallation reactions (Figure 4-4 A and B). Thus, SEM imaging 
suggests a remarkable ability to tune the bulk surfaces by the proposed galvanic 
replacement approach. 
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Figure 4-3. SEM images showing the copper-nickel nanocatalyst surface after 30 
min (A-B), 1 h (C-D), 2 h (E-F), 4 h (G-H) and 8 h (I-J) of galvanic replacement 
reaction. Scale bars in first and second columns correspond to 5 µm and 1 µm 
respectively. 
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Figure 4-4. Lower (panel A) and higher magnification (panel B) cross-sectional 
SEM images of nickel foil after transmetallation reaction with cupric ions for 4 h. 
Cross-sectional images demonstrate the distribution of porosity throughout the 
depth of nickel foil. 
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4.3.1.2 XRD analysis 
In order to determine the metal phases formed during galvanic replacement 
reaction and to reveal any copper-nickel synergism, the nickel foil was subjected 
to XRD measurements before (curve 1, Figure 4-5) and after the transmetallation 
reaction (curve 2, Figure 4-5). The XRD pattern of nickel foil (curve 1) shows the 
presence of well defined Bragg reflections, which could be indexed based on the 
structure of metallic nickel.135 After the transmetallation reaction with cupric ions 
(curve 2), additional Bragg reflections were observed that could be collectively 
assigned to copper oxide and nickel oxide.136 In addition, a shift in the nickel peaks 
towards lower 2θ values was observed. The fact that both nickel and copper have 
fcc (face centred cubic) structures with very similar lattice parameters of 3.51 and 
3.66 Å [Ni: 2θ = 44.5°, 51.8° and 76.4°; Cu: 2 θ = 44.3°, 50.4° and 74.1°] makes it 
difficult to assign the peaks unequivocally to copper/nickel, however after the 
transmetallation reaction a shift in nickel peaks towards copper was observed, 
which indicates the formation of copper nanoparticles. Additionally, peak 
broadening was observed, which indicates the formation of nanocrystalline 
copper/copper oxide as a result of the transmetallation reaction. Although 
transmetallation of Ni with cupric ions is expected to create metallic copper in the 
vicinity of nickel foil, the possibility of the further oxidation of copper in an aqueous 
environment, leading to the formation of porous copper oxide nanostructures 
embedded in nickel foil, can not be ignored. 
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Figure 4-5. XRD data obtained from nickel foil before (curve 1) and after (curve 2) 
its transmetallation reaction with cupric ions. 
 - 119 - 
4.3.1.3 XPS analysis 
A catalyst’s surface plays a key role in catalytic reactions, and in some cases the 
surface may not have a similar composition as the bulk catalytic system used. 
Therefore the chemical composition of the surface of the coppe-nickel catalyst 
used in this study was examined using XPS, which is a highly surface sensitive 
technique (Figure 4-6). Figure 4-6 A shows the nickel 2p3/2 XPS spectra before 
(curve 1) and after (curve 2) the galvanic replacement reaction with cupric ions. 
Before the transmetallation reaction, the nickel 2p core level spectrum shows two 
major 2p3/2 components at ca. 852.9 eV and 856.5 eV, which can be assigned to 
elemental nickel and NiO respectively (curve 1, Figure 4-6 A).137 The simultaneous 
presence of nickel and NiO components indicates the partial oxidation of nickel foil 
surface on its exposure to air. Apart from these two components, a weak satellite 
peak towards higher binding energy was also observed in the unreacted nickel 
sample (curve 1, Figure 4-6 A). On the other hand, after exposure of nickel foil to 
cupric ions, it was observed that the elemental nickel peak vanishes completely 
with the development of a more pronounced NiO peak, indicating that the nickel 
surface oxidized to NiO during transmetallation in the aqueous environment (curve 
2, Figure 4-6A). The XPS results correlate well with the XRD data, which also 
show the presence of NiO peaks (curve 2, Figure 4-5 and Figure 4-6). Additionally, 
it should be noted that the shake-up satellites in the nickel 2p3/2 XPS spectrum 
become more intense after the replacement reaction (compare curve 2 and curve 
1 in Figure 4-6 A). Since the shake-up satellites are mainly 3d → 4s transitions 
which are forbidden in metals but present in transition metal oxides, the oxidation 
of Ni to NiO increases the intensity of these satellites.137  
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When the copper-nickel sample obtained after the transmetallation reaction was 
scanned for Cu2p3/2 core levels, a strong binding energy (BE) component at ca. 
932.3 eV along with a shoulder towards higher BE was observed (curve 1, Figure 
4-6 B). The main component at ca. 932.3 eV corresponds to elemental copper, 
while the presence of the weak shoulder towards higher BE at ca. 934.5 eV 
indicates that some elemental copper was oxidized to CuO in aqueous solution 
during the transmetallation reaction.137 The presence of elemental copper further 
supports the TEM (Figure 4-2), SEM (Figure 4-3) and XRD (Figure 4-5) 
observations, wherein copper nanoparticles formed during the replacement 
reaction were found to be deeply embedded in nickel foil. 
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Figure 4-6. XPS spectra showing (A) Ni2p3/2 core levels in nikel foil before (curve 
1) and after (curve 2) the galvanic replacement reaction, (B) Cu2p3/2 core levels 
in copper-nikel catalyst before (curve 1) and after CWAO process (curve 2). The 
satellite peaks in the above spectra have been indicated by arrow marks. 
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4.3.1.4 Auger imaging 
Once the formation of copper nanoparticles in nikel foil was established by XRD 
and XPS measurements, SEM coupled with Auger imaging and Auger electron 
spectroscopy (AES) were performed on the copper-nickel surface to further 
understand the distribution of copper particles on the surface of nickel foil (Figure 
4-7). The inset in Figure 4-7 D shows the AES spectrum of the surface of copper-
nickel catalyst, showing Cu LMM and Ni NLL Auger peaks at 916 eV and 844 eV 
kinetic energies (K.E.) respectively, which were employed for Auger imaging. 
 In Auger imaging, hot colors, such as bright and red colors, represent a high 
concentration of the examined elements (copper and nickel in this case) while cold 
colors, such as blue and cyan, represent a low concentration of the examined 
elements. By inspection of the lower (Figure 4-7 B and C) and higher magnification 
(Figure 4-7 E and F) Auger images of the copper-nickel sample, it can be seen 
that though copper and nickel are reasonably well distributed throughout the 
sample, the Auger images of copper (Figure 4-7 B and E) show more brighter 
spots/clusters (red and yellow colors) than those of nickel (Figure 4-7 C and F). 
This indicates that the etching of the sacrificial nickel surface initially begins 
uniformly on the nickel foil, however as the transmetallation reaction proceeds with 
time, more defect sites are created which assist in further facile effusion of the 
oxidized nickel (II) ions from these sites and hence result in further nucleation of 
copper nanoparticles closer to those sites. These speculations are supported by 
previous high resolution TEM measurements in a gold-silver system, wherein 
Shukla et al. 138 highlighted the important role that defect sites and twin boundaries 
can play during transmetallation reactions. It is important to note that chemical 
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mapping in the copper-nickel system in order to understand the distribution of 
copper and nickel local phases using TEM coupled with EDS (Energy Dispersive 
X-ray spectroscopy) and/or EELS (Electron Energy Loss Spectroscopy) were not 
particularly advantageous, because of significant overlap of Cu and Ni spectral 
lines during EDS139 and EELS.140 Additionally, the contamination of copper signals 
arising from copper TEM grids further complicates the imaging of copper phases in 
copper-nickel system. Therefore, AES microscopy was found to be the most 
appropriate tool to understand the distribution of copper and nickel phases in  the 
copper-nickel system. 
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Figure 4-7. Auger microscopy data on copper-nickel nanocatalyst surface showing 
lower (A-C) and higher magnification (D-F) images while scanned for SEM 
imaging (A and D), Cu LMM signal (B and E) and Ni LMM signal (C and F) 
respectively. The inset in D shows the AES spectrum obtained from the copper-
nickel surface. 
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4.3.2 CWAO using Cu-Ni transmetallated foil 
4.3.2.1 Catalyst activity  
The newly developed catalysts were tested for their activity and stability for CWAO 
of ferulic acid at 100 °C, 25 PSI oxygen partial pr essure. Figure 4-8 shows the 
time vs. %TOC removal for all of these catalysts. As we can observe all of these 
catalysts have achieved significantly more %TOC removal compared to Ni control 
catalysts and the reaction kinetics are also faster by a factor of two during the 
initial reaction period. The Cu-Ni-4h catalyst achieved a maximum % TOC 
reduction of ~58% within 30 minutes of reaction time, which is significant in 
comparison to ~15% TOC reduction for the Ni control catalyst under the same 
reaction conditions. All of these catalysts achieved their approximate maximum of 
TOC reduction within the first 30 minutes. The reason for these fast kinetics and 
then plateau of the %TOC removal is most likely due to the formation of refractory 
organic compounds such as formic acid, vallinil, and 2-methoxy-4-vinylphenol 
(intermediate products identified in this study). 
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Figure 4-8. Reaction time vs. %TOC removal for CWAO of ferulic acid using 
various catalysts. Reaction conditions: 1000 ppm ferulic acid, 2h, 100 °C, 25 PSI 
PO2, 800 rpm stirring. 
4.3.2.2 Leaching 
Table 4-3 shows the amount of cupric ions leached to the solution with various 
catalysts. The observed pH range was quite similar for all of these catalysts but 
the level of copper leaching is considerably different among them. The Cu-Ni-4h 
catalyst had the lowest leaching of copper (10 ppm) whilst also having the highest 
level of TOC removal. As we know, homogenous copper is a good catalyst even at 
low loading. Hence, in order to find out the true heterogeneous activity of the 
nanocatalysts, a CWAO test under the same reaction conditions using 10 ppm of 
homogeneous copper and the nickel control catalyst together was performed. The 
results of this test showed that for the Cu-Ni-4h catalyst, heterogeneous catalytic 
oxidation is the dominant catalytic mechanism (Table 4-3).  
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Table 4-3. %TOC removal, pH range, and Cu leaching for CWAO of ferulic acid 
using various catalysts. Reaction conditions: 1000 ppm ferulic acid, 100 °C, 25 PSI 
PO2, 2 h, 800 rpm stirring. 
Catalysts % TOC removal pH range Cu leaching  (ppm) 
Cu-Ni-30min 53 6.0-4.7 24 
Cu-Ni-60min 53 5.8-4.7 13 
Cu-Ni-2h 50 5.7-4.7 18 
Cu-Ni-4h 57 5.7-4.7 10 
Cu-Ni-8h 47 5.6-3.8 19 
Ni 22 6.0-4.9 - 
Ni Control + Cu 
homogeneous 
(10 ppm) 
25 5.9-4.9 - 
 
Figure 4-9 shows the amount of copper loading and amount of copper leached out 
of these catalysts during CWAO of ferulic acid. The copper loading of the prepared 
nanocatalysts increased with the increase in transmetallation reaction time up to 
4h. From 4h to 8h transmetallation, the actual loading of copper decreased by 75 
wt%. These observations can be explained by the time dependent structure 
analysis performed using SEM analysis. As discussed in section 4.3.1.1, with 
increase in transmetallation reaction time the Ni foil goes through various stages, 
and in particular from 4h to 8h, where the small perforated balls structure breaks 
apart and the nickel foil surface increasing becomes flat. This breakdown causes 
loss of highly porous nickel clusters with a greater amount of copper loading to the 
aqueous solution, leading to a decrease in the amount of copper loading on the 8h 
catalyst. For the catalysts prepared using 30 minutes to 4h of transmetallation time 
the structure changes from a hollow porous ball-like structure at 1h to a rosette-
like structure after 2h, and smaller perforated ball-like structure at 4h. The change 
in surface structure with transmetallation reaction time enables higher catalyst 
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loading on the catalyst surface from Cu-Ni-30min to Cu-Ni-4h. Also, these 
differences in structural properties most likely provided greater resistance to 
copper leaching for Cu-Ni-4h compared to any other catalysts.   
 
 
Figure 4-9. Amount of copper loaded in various catalysts and total amount of 
copper leached from various catalysts for CWAO of ferulic acid. Reaction 
conditions: 1000 ppm ferulic acid, 100 C, 25 PSI PO2, 2 h, 800 rpm stirring. 
  
4.3.2.3 Catalyst re-use  
The recovered catalyst from the Cu-Ni-4h test was washed several times using 
Milli-Q water and re-used. Only 25% TOC removal was obtained with the re-used 
catalyst which is quite close to the 22% TOC removal obtained using the nickel 
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foil. This observation shows that the catalyst lost its active sites during the first 
use. The reason for this is most likely due to coke formation on the catalyst 
surface which led to blocking all the active nano sites.   
4.3.3 Comparison between conventional catalysts and nano catalysts 
In the previous chapter, CWAO of ferulic acid using conventional supported 
catalysts was performed. In this chapter, CWAO of ferulic acid using newly 
synthesized nano catalysts was performed. Table 4-4 summaries key results 
obtained for CWAO of ferulic acid using these two systems. Cu-Ni-Al2O3 and Cu-
Mn-Al2O3 catalysts (the most active and stable conventional catalysts) and Cu-Ni-
4h (the most active and stable supported nano catalyst) were chosen to perform 
the comparison.  
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Table 4-4. Comparison between Cu-Ni-Ce-Al2O3, Cu-Mn-Al2O3, and Cu-Ni-4h 
catalysts. Reaction conditions: 1000 ppm ferulic acid, 100 °C, 25 PSI P O2, 800 rpm 
stirring, 2 h (Cu-Ni-Ce-Al2O3 and Cu-Mn-Al2O3 results from previous chapter). 
Catalysts %TOC removal 
Copper 
leaching 
(ppm) 
Catalyst re-use  Initial oxidation kinetics 
Cu-Ni-Ce-Al2O3 81% 11 40% (for 4
th
 
catalyst re-use) 
Slower than 
Cu-Ni-4h 
Cu-Mn-Al2O3 76% 1 - Slower than Cu-Ni-4h 
Cu-Ni-4h 57% 10 25% (for 2
nd
 
catalyst re-use) 
Faster than 
other two 
catalysts 
 
In terms of activity for these two catalytic system, the Cu-Ni-Ce-Al2O3 have 
achieved 81% TOC removal within two hours with 11 ppm of copper leaching. In 
comparison to this, the best nano catalyst Cu-Ni-4h achieved 57% of TOC removal 
with 10 ppm of copper leaching. Also, in terms of stability, the Cu-Mn-Al2O3 
catalyst has shown only 1 ppm of copper leaching with 74% TOC removal in 
comparison to 10 ppm of copper leaching of the Cu-Ni-4h catalyst with 57% of 
TOC removal. This clearly shows that newly developed catalysts have failed to 
achieved higher TOC removal or better stability in compared to conventional 
catalysts. Although, even with these limitations, the newly developed supported 
nano catalysts have some potential in terms of easy deployment as reactor wall or 
solid basket and will not require a catalyst separation step.  
Also, in terms of catalyst re-use, the Cu-Ni-4h only achieved 25% TOC removal on 
1st re-use. This is equivalent to the nickel foil control. This shows that the catalyst’s 
active sites are damaged due to the high temperature and pressure requirements. 
Coke formation has been identified on the catalyst surface. Whereas, on 
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conventional side of catalysts, the Cu-Ni-Ce-Al2O3 shows 40% TOC removal even 
after fourth re-use. In these experiments, the catalyst was not regenerated 
between reuse but just filtered and the next reaction was performed. Due to this, 
the catalysts carried the adsorbed carbon with it. This results shows that the Cu-
Ni-Ce-Al2O3 catalysts has certainly shown better activity, equivalent stability and a 
better lifetime compared to the newly synthesized Cu-Ni catalysts.  
In terms of kinetics (from Table 4-4), Cu-Ni-4h has shown much faster kinetics 
compared to Cu-Ni-Ce-Al2O3 catalyst and Cu-Mn-Al2O3 catalyst. This observation 
shows that the catalyst’s nano copper oxides sites are much more active 
compared to bulk copper oxides on conventional catalysts. But most likely, within 
the first few minutes of the oxidation reaction, the highly active nano copper oxide 
sites gets damaged due to the severe conditions and/or coke formation occurs on 
catalysts and quickly deactivate the all active sites. This observation shows that if 
somehow, using electron vapor deposition or using some other techniques such 
as ion implantation, the copper oxide can be deposited on alumina in disperse 
phase in nano crystalline patterns then the catalysts may lead towards higher 
activity, better stability, and longer life time. But this opportunity is out of the 
current research scope.  
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4.4 Conclusions and recommendations 
In this chapter, galvanic replacement (transmetallation) was used to synthesise 
supported nano copper catalysts. The prepared Cu-Ni nanocatalysts were 
characterized using various techniques such as SEM, TEM, Auger imaging, XRD, 
and XPS. The time dependent kinetics of transmetallation were observed by SEM 
analysis. This analysis showed the evolution of supported nano copper catalysts in 
various stages such as hollow/porous ball-like structures within 1 h which at higher 
magnification appear to consist of flakes. In the next stage at 2h rosette-like 
structures were observed. These structures broke apart into smaller perforated 
balls (micron-sized balls) at 4h of reaction and these micron-sized balls broke 
apart leading to overlaying flat Cu-Ni networks consisting of nanowires and 
nanoribbon like structures after 8h of reaction. The highly porous, honeycomb like 
structure of the Cu-Ni catalyst, was identified by TEM analysis. The presence of 
copper and copper oxide on the surface of the catalyst was concluded throught the 
use of  XPS and XRD analysis. The presence of well distributed nano copper 
oxide on highly porous Ni foil was concluded through the use of Auger imaging 
and Auger electron spectroscopy.  
In the latter part of this chapter, the application of Cu-Ni catalyst was further 
explored for CWAO of ferulic acid. The kinetics of oxidation reaction and leaching 
of copper ions was studied. It was observed that the Cu-Ni-4h (Cu-Ni catalyst after 
4h of transmetallation reaction) was the most stable catalyst in terms of its 
resistance to copper leaching (among various Cu-Ni catalysts synthesised using 
different transmetallation reaction time). The Cu-Ni-4h catalyst also had the 
highest activity. The CWAO of ferulic acid with Ni control and 10 ppm of copper 
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concluded that for the Cu-Ni-4h catalyst, heterogeneous catalytic oxidation is the 
dominant catalytic mechanism. Also, the correlation between the transmetallated 
catalyst’s structure with respect to transmetallation reaction time and its effects on 
the catalyst’s composition, stability and activity have been discussed.  
At the end of the chapter a direct comparison between conventional supported 
copper catalysts and newly synthesised catalysts was conducted. It was observed 
that conventional supported copper catalysts, Cu-Mn-Al2O3 and Cu-Ni-Ce-Al2O3, 
have shown better performance in comparison to the most active and stable 
supported nano Cu-Ni-4h catalyst in terms of activity and stability  
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Chapter 5: WAO/CWAO of pulp and paper mills 
effluent 
5.1 Introduction and background 
In previous chapters (Chapter 3 and Chapter 4), various catalysts were tested for 
the low temperature CWAO of a model compound (ferulic acid) which was used 
to represent the type of organic compounds found in pulp and paper mills 
effluent. In this chapter CWAO of actual pulp and paper mills effluent (black 
liquor) was investigated using three of the catalysts studied in previous chapters. 
The tests using actual pulp and paper mills effluent were performed in both 
alkaline and acidic media.  
The three catalysts selected for studies using the pulp and paper mills effluent 
were:  
• Cu-Ni-Ce-Al2O3  
• Cu-Mn-Al2O3 
• Supported nano copper catalyst (Cu-Ni-4h) 
The selection of Cu-Ni-Ce-Al2O3 was due to its activity and moderate stability 
against copper leaching in acidic conditions and moderate activity with good 
stability for alkaline conditions. Cu-Mn-Al2O3 was selected as it showed good 
resistance to copper leaching and reasonably good activity for CWAO of ferulic 
acid under acidic conditions. The third catalyst selected, Cu-Ni-4h, showed fast 
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kinetics and good resistance to leaching for CWAO of ferulic acid under acidic 
conditions.  
5.2 Experimental  
Please refer to chapter 2 for all materials and methods used in this chapter.   
5.3 Results and discussion 
5.3.1 Black liquor 
The black liquor studied was obtained from local pulp and paper mills (kraft 
pulping). It had a TOC concentration of 63 g/L and a pH of 13.1. Table 5-1 shows 
some of the organic compounds present in this liquor.  
As the supported copper catalysts showed high stability under alkaline conditions 
(section 3.3.2.4) it was decided to check their stability and activity for CWAO of 
the black liquor at its natural pH (13.1).  
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Table 5-1. Identified organic compounds. 
(The organic analysis was performed by Leeder Consulting, Australia using US 
EPA 8260B.WW.01 volatile organic compounds analysis method) 
Benzene 1,4-Dichlorobenzene Tetrachloroethene 
Bromobenzene Dichlorodifluoromethane 1,1,1,2-Tetrachloroethane 
Bromochloromethane 1,2-Dichloroethane Toluene 
Bromodichloromethane 1,1-Dichloroethane Tribromomethane 
Bromomethane 1,1-Dichloroethene 1,2,3-Trichlorobenzene 
n-Butylbenzene cis-1,2-Dichloroethene 1,2,4-Trichlorobenzene 
s-Butylbenzene trans-1,2-Dichloroethene 1,1,1-Trichloroethane 
t-Butylbenzene Dichloromethane 1,1,2-Trichloroethane 
Carbon Tetrachloride 1,2-Dichloropropane Trichloroethene 
Chlorobenzene 1,3-Dichloropropane Trichlorofluoromethane 
Chloroethane 2,2-Dichloropropane Trichloromethane 
Chloromethane 1,1-Dichloropropene 1,2,3-Trichloropropane 
2-Chlorotoluene cis-1,3-Dichloropropene 1,2,4-Trimethylbenzene 
4-Chlorotoluene trans-1,3-Dichloropropene 1,3,5-Trimethylbenzene 
Dibromochloromethane Ethylbenzene Vinyl Chloride 
1,2-Dibromo-3-
Chloropropane Hexachloro-1,3-butadiene m&p-Xylenes 
1,2-Dibromoethane Isopropylbenzene o-Xylenes 
Dibromomethane p-Isopropyltoluene Dibromofluoromethane 
1,2-Dichlorobenzene Naphthalene 12-Dichloroethane-d4 
1,3-Dichlorobenzene 1,1,2,2-Tetrachloroethane Toluene-d8 
p-Bromofluorobenzene   
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5.3.2 WAO/CWAO of black liquor under alkaline reaction conditions 
Table 5-2 to Table 5-4 show the percentage TOC reduction obtained at 100 °C, 
150 °C and 190 °C. None of the tested catalysts cou ld achieve more than 5% of 
TOC reduction even at 190 °C. Also, the amount of c opper leaching was 
considerably high for the Cu-Mn-Al2O3 and Cu-Ni-Ce-Al2O3 catalysts. All of these 
catalysts are inefficient for CWAO of black liquor under the conditions studied, in 
fact, none of these catalysts showed any improvement over WAO.  
Two possible ways of achieving improved TOC reduction using the tested 
catalysts were considered:  
• Increasing the reaction temperature to ~300 °C  
• pH adjustment pre-treatment (to acidic pH) followed by CWAO  
In general, infrastructure cost (mainly reactor construction) and operating cost 
are two important parameters to be considered for WAO/CWAO. The first option 
of increasing temperature will require a higher overpressure to keep the black 
liquor in the liquid phase. This leads to increased infrastructure costs. On the 
other side, the second option of pH adjustment will not greatly increase the total 
cost (infrastructure and operating cost) but it would certainly improve rate of 
WAO/CWAO, as the WAO/CWAO reactions, which are highly dependent on a 
free radical mechanism will be favourable under acidic conditions7. Hence, it was 
decided to use a pH adjustment step as pre-treatment. 
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Table 5-2. WAO/CWAO of black liquor at 100 °C under  alkaline reaction 
conditions. 
 %TOC removal pH final Cu
+2
 leaching 
(ppm) 
WAO < 2% 13.1 10* 
Cu-Ni-Ce-Al2O3 < 2% 12.7 89 
Cu-Mn- Al2O3 <2% 13.0 83 
Cu-Ni-4h <2% 13.1 7 
 
Table 5-3. WAO/CWAO of black liquor at 150 °C under  alkaline reaction 
conditions. 
 
Table 5-4. WAO/ CWAO of black liquor at 190 °C unde r alkaline conditions. 
*
copper is present as contaminant in black liquor. Hence, 10 ppm of copper was 
detected for WAO tests.  
 %TOC removal pH final Cu
+2
 leaching 
(ppm) 
WAO <3% 10.9 10* 
Cu-Ni-Ce- Al2O3 <3% 10.7 40 
Cu-Mn- Al2O3 <3% 10.8 125 
Cu-Ni-4h <3% 12.2 3 
 %TOC removal pH final Cu
+2
 leaching 
(ppm) 
WAO < 5% 10.8 10* 
Cu-Ni-Ce- Al2O3 < 5% 10.7 30 
Cu-Mn- Al2O3 <5% 11.5 232 
Cu-Ni-4h <5% 12.0 7 
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5.3.3 pH adjustment 
A pH of 5.0 was selected for the pre-treatment studies. This pH was selected 
based on the expected higher leaching for CWAO/WAO reaction at solution pH 
of less than 5. Also, for solution pH of more than 5, the activity of CWAO/WAO  
of ferulic acid was observed to be low (Chapter 3).  
Adjustment of the black liquor pH caused a considerable amount of sludge 
formation. This sludge was separated from the liquor prior to CWAO tests and 
the resulting filtrate had a TOC concentration of 11 g/L. The resulting sludge is 
high in organic content and can be used as an energy source.49 The sludge had 
a heating value of 7.9 MJ/kg (the heating value was obtained with the help of 
Leeder Consulting, Australia). 
5.3.4 WAO/CWAO at acidic reaction conditions 
As discussed earlier the Cu-Mn-Al2O3 catalyst showed the best stability and high 
activity compared to the other conventional catalysts tested and the supported 
nano copper catalysts (Cu-Ni-4h) for CWAO under acidic conditions. Based on 
these results it was decided to only explore CWAO of black liquor under acidic 
conditions using the Cu-Mn-Al2O3 catalyst. Table 5-5 shows the percentage TOC 
reduction and the solution pH after WAO/CWAO at three different reaction 
temperatures. Table 5-6 also gives the amount of copper and manganese ions 
leached to the solution under different conditions for CWAO using the Cu-Mn-
Al2O3 catalyst. The Cu-Mn-Al2O3 catalyst showed good activity at 150 °C by 
achieving 28% TOC removal compared to just 11% TOC removal by WAO. At a 
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higher reaction temperature of 190 °C, the TOC remo val by WAO was 49% 
which is close to the 56% TOC removal obtained using CWAO. Also for CWAO 
at 190 °C, the Cu-Mn-Al 2O3 catalyst showed a very high level of leaching (161 
ppm of copper and 184 ppm of manganese). 
Table 5-5. Percent TOC reduction and pH final at various temperatures for WAO 
and CWAO. Reaction conditions: 1 h, pHinit = 5, 800 rpm stirring. 
 100 °C  150 °C  190 °C  
 
%TOC 
reduction pHf 
% TOC 
reduction pHf 
%TOC 
reduction pHf 
WAO 0% 5.4 11% 4.6 49% 5.1 
Cu-Mn-
Al2O3 5% 6.0 28% 4.8 56% 6.5 
 
Table 5-6. CWAO using Cu-Mn-Al2O3.. Reaction conditions: 1 h, pHinit = 5, 800 
rpm stirring. 
Temperature %TOC 
removal pH final Leaching (ppm) 
   Cu Mn 
100 °C 5% 6.0 73 124 
150 °C 28% 4.8 260 200 
190 °C 56% 6.5 161 184 
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5.4 Conclusions and recommendations 
Based on CWAO of ferulic acid in chapter 3 and chapter 4, three catalysts were 
selected to study CWAO of black liquor. Cu-Ni-Ce-Al2O3, Cu-Mn-Al2O3, and Cu-
Ni-4h catalysts were tested for CWAO of black liquor. None of the catalysts 
tested showed any significant activity for CWAO of black liquor under alkaline 
conditions.  
A pH adjustment pre-treatment was performed on the black liquor to try to 
enhance TOC removal by CWAO. This adjustment led to the formation of a 
considerable amount of sludge. The resulting sludge had a heating value of 7.9 
MJ/kg and hence can potentially be used as energy source. The filtrate was 
treated using a Cu-Mn-Al2O3 catalyst. At 190 °C reaction temperature, the TOC 
removal using CWAO was observed to be only slightly higher then WAO (56% 
for CWAO and 49% for WAO). Also, very high leaching of copper (161 ppm) and 
manganese (184 ppm) were observed. The use of this catalyst will increase the 
costs associated with catalyst recovery, re-use, and treatment to remove leached 
metal ions. Hence, a two step process of pH adjustment pre-treatment followed 
by WAO at 190 °C was only recommended for detailed study of reactor design 
and engineering in the next chapter.  
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Chapter 6: WAO/CWAO process design and HAZOP 
study 
6.1 Introduction and background 
In previous chapters (chapter 3 and chapter 4) various conventional and 
advanced nano copper catalysts were investigated for CWAO of ferulic acid. 
Chapter 5 discussed the use of the three most promising catalysts (Cu-Ni-Ce-
Al2O3, Cu-Mn-Al2O3, and Cu-Ni-4h) for treatment of black liquor in both alkaline 
and acidic media. It was found that none of these catalysts showed any 
significant activity for CWAO of black liquor under alkaline conditions. To further 
investigate CWAO of black liquor using these catalysts under acidic medium, a 
pH adjustment pre-treatment was performed on the black liquor. Again, even for 
acidic medium, very little improvement was observed for CWAO (compared to 
WAO). At the same time very high level of leaching was observed. Hence, it was 
recommended in chapter 5 to perform two stage process 1) pH pre-adjustment 2) 
WAO at 190 °C.   
The first section this chapter proposed two-stage conceptual process design to 
treat pulp and paper mills effluent, and the second section details a Hazard and 
Operability (HAZOP) study for the proposed design.    
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6.2 Results and discussion  
6.2.1 Proposed process for treating pulp and paper mills effluent 
Figure 6-1 shows the proposed design for a wet air oxidation process for 
treatment of the black liquor. The proposed design has two major steps: 
 1) pH adjustment  
2) WAO 
In this study, no attempt was made to achieve detailed engineering design. 
 
6.2.1.1 Stage 1 - pH adjustment 
Stored black liquor (63 g OC/L, pH = 13.1) is firstly pumped to the settlers to 
remove any solid sludge. The overflow is sent to the pH adjustment vessel (V2) 
which is injected with diluted acid to the vessel using various vertical tubes with 
orifices around the surface. Also, the shafts with blades will increase the mixing 
of acid and black liquor. It is important that the size of these vessels be big 
enough to accommodate any foams forming, and as the vessel V2 is exposed to 
acidic as well as alkaline media, titanium is the most suitable material of 
construction. The solid sludge is continuously removed from the bottom for drying 
and further disposal. The overflow is re-directed back to the acidic wastewater 
storage tank (V5). As described in chapter 5, the resultant sludge has heating 
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value of 7.9 MJ/kg and potentially can be used as energy source. The overflow is 
subjected to WAO at 190 °C in stage 2.  
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Figure 6-1. Proposed WAO process.  
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6.2.1.2 Stage 2 – WAO at 190 °C 
6.2.1.2.1 WAO process description:  
The acidic wastewater from tank V5 is injected to the WAO reactor (R1). The 
proposed WAO reactor is at 190 °C with 225 PSI of p ressure. A residence time of 
1 hour is proposed, which would obtain ~49% TOC removal. Oxygen is injected 
from the bottom to obtain good mixing. The heat exchange between effluent 
inflow and treated outflow from the reactor will reduce the heating required (heat 
exchanger 2). Heating around the reactor is proposed to be used during the start-
up and for optimum temperature control. The vessel V9 and surrounding 
assembly is proposed for sampling and venting purposes at any time. 
6.2.2 Hazard and operability (HAZOP) study 
With increasing awareness of plant and personal safety requirements Hazard 
and Operability (HAZOP) study is an integral part of process development. 
HAZOP is a systematic and structured examination of the process design to 
identify the risks associated due to deviations in process variables (due to 
personal or the plant). The proposed design was subjected to a HAZOP study 
using standard guidewords and deviations (Table 6-1.). 
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Table 6-1. HAZOP study for the proposed WAO process. 
Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
Section one - 
Line 01, Line 02, 
Line 02a, Line 03 
Pressure - 
High 
High flow of 
wastewater 
pumping to the 
storage tank 
High level of feed 
wastewater 
leading to tank 
overflow 
Level indicator 
to warm before 
the tank 
overflow  
Process control 
system to send 
alarms for high level 
of the tank. Make 
sure that the proper 
procedures are in 
place in case of tank 
overflow.  
Control system, 
maintenance 
schedule  
  
    
Blockage of drain 
for Line01-V1 and 
Line02-V2 
Constant 
accumulation of 
solid particles  
  
Consider installing 
another storage tank 
to enable online 
maintenance of the 
valves which let 
down the settled 
solids 
Design 
decision    
  Pressure - low Unlikely  Not much         
  
Temperature - 
High 
Hot wastewater 
feed in to the tank 
line01-V1 
Possible 
equipment and 
valves damage 
None 
Consider installing 
temperature 
transducer for feed to 
the tank 
Design 
decision   
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Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
  
Temperature - 
low Too cold weather 
Change in 
specific gravity of 
the feed and can 
lead to different 
amount of feed 
(organic 
concentration) in 
to system  
None 
Make sure that the 
process wastewater 
does not have 
characteristics of get 
freezed at extreme 
climate conditions  
Engineering 
calculations   
  Flow- High 
Malfunction of the 
feed pump Line01-
P 
Downstream 
consequences of 
overflow of 
vessel v2 
Pump self 
diagnostics of 
the pump, 
level indicator 
on V2 
Design process 
control system to 
send alarms for level 
high for V2 
Process 
Control system    
  Flow - Low 
Malfunction of the 
feed pump Line01-
P 
No feed available 
down stream, 
possible process 
shut down 
Pump self 
diagnostics of 
the pump, 
level indicator 
on V2 
Consider installing 
another storage tank 
to enable online 
maintenance of the 
valves which let 
down the settled 
solids 
Design 
decision   
  Flow - No 
Inappropriately 
closed manual 
valve Line01-NV 
Same as low 
flow None 
Operators should 
have proper training 
and understanding of 
the system  
Personal 
training   
    
Malfunction of the 
feed pump 
Same as low 
flow 
Pump self 
diagnostics of 
the pump, 
level indicator 
on V2 
Same as low flow     
  Flow – Unlikely           
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Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
Reverse 
                
  Level - High           Covered in Flow –high 
  Level - Low           Covered in flow 
– low 
  Reaction Unlikely            
  
Phase - Other 
than expected 
Liquid and 
particulate solids 
are expected 
phase. Hence, gas 
phase is only 
discussed here. 
The cause is low 
level in tank 
Pump damage Level indicators       
  Contaminants 
Unlikely as we 
expect all 
contaminants 
present in the 
black liquor 
If the material of 
construction is 
not compatible 
with 
contaminants 
present then it 
may lead to 
equipment 
damage, leaks  
None 
Make sure that the 
material of 
construction is 
compatible with all 
the possible 
contaminants 
presents  
Design 
consideration   
                
Section Two - 
Line 04, Line04a, 
Line05, 
Line06,Line06a, 
Line07,  
Pressure-High 
High level in 
Line05-V5, Line06-
V6, Line04a-V4 
Overflow of the 
tanks 
Level 
transmitters  
Same as pressure 
high for section one     
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Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
  Pressure-low Unlikely           
  
Temperature - 
high Unlikely           
  
Temperature-
low 
Due to climate 
conditions         
See section 
one 
temperature 
low 
  Flow -high 
Malfunction of 
Line04-P or 
Line06-P 
Imbalanced pH 
adjustment 
vessel Line03-V3 
Pump self 
diagnostics of 
the pump, 
level indicator 
on V2 
      
  Flow - low 
Malfunction of 
Line04-P or 
Line06-P 
Imbalanced pH 
adjustment 
vessel Line03-V3 
Pump self 
diagnostics of 
the pump, 
level indicator 
on V2 
      
    
Blockage of drain 
for Line04-V4 and 
Line06-V6 
Overflow of the 
vessels 
Level 
transmitters on 
vessels, 
regular 
maintenance  
      
  
Phase - Other 
than expected 
Solid phase 
blockage of drain 
for Line04-V4 and 
Line06-V6 
Imbalanced pH 
adjustment 
vessel Line03-V3 
and tank 
overflow for 
Line06-V6 
  
Regular maintenance 
and visual checks  
Operating & 
maintenance 
procedures 
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Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
  
Rreaction & 
contaminants           
See section 
one for 
reaction, & 
contaminants  
                
Section Three - 
Line07a, 
Line07a-R, 
Line08, Line09, 
Line10, Line11, 
Line12 
Pressure - 
High 
Exothermic run-
away reaction  Explosion None 
Insert a bursting disk 
and perform all 
required engineering 
calculation to avoid 
runaway reaction 
Design & 
engineering 
calculations 
  
    
Temperature 
furnace failure 
leading to high 
pressure 
Very high 
temperature, 
leading to very 
high pressure 
and possible 
explosion 
Thermostat 
cut-off as 
inbuilt function 
of the furnace 
Make sure that the 
thermostat cut-off is 
installed properly  
Installation   
    
Incorrectly set 
Back Pressure 
Controller 
Possible 
explosion None 
Trained operators 
and process control 
system interlock with 
pressure transducers 
Training & 
control system    
    
Malfunction of 
BPC 
Sudden pressure 
to downstream 
side of BPC on 
line08, 
equipment 
damage to 
Line08-V7 and 
possible leaks 
Self-
diagnostics of 
BPC 
Insert a pressure 
transducer on 
Line08-V7 and use it 
as an indicator  
Design and 
PCS   
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Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
  Pressure -Low 
Incorrectly set 
Back Pressure 
Controller or 
malfunction of 
BPC 
        
As pressure 
high for section 
three 
    
Leaking Pressure 
relief valve 
Not being able to 
achieve the 
desired pressure 
and hence 
process 
compromise 
None Regular maintenance     
  
Temperature-
High 
Furnace 
malfunction         
As per high 
pressure for 
section three 
    Reaction runaway         
As per high 
pressure for 
section three 
                
  Level-High Blockage 
Reactor 
overflow, 
process 
shutdown 
None Regular maintenance     
    
High temperature 
leading to higher 
level 
        
As per high 
pressure for 
section three 
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Sect. No Deviation Causes Consequences Existing Safeguards Recommendations Action Type Comments 
  
Phase-other 
than expected           
Gas and liquid 
phase are 
expected, the 
solid phase is 
same as 
blockage 
  Reaction           
Oxidation 
reaction is 
expected in this 
section, the 
runaway 
reaction has 
been covered 
in high-
pressure of this 
section 
  Contaminant           
Same as 
section 2 
contaminant 
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6.3 Conclusions and recommendations  
In this chapter, a conceptual process design has been proposed for WAO of black 
liquor. The proposed process has main two steps 1) pH pre-adjustment 2) WAO at 
190 °C. A detailed Hazard and Operability (HAZOP) s tudy was performed for the 
proposed process design. Various safety related issues have been discussed and 
related recommendations and action types have been identified.  
The HAZOP report, when used in conjunction with corporate risk matrices, can be 
used for further identification of expected Safety Integrity Level (SIL) selection for 
various safety related functions. Also, further to this, a detailed Hazard Area 
Classification (HAC) should be developed and all equipment should be selected as 
per the HAC requirements.  
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Chapter 7: Conclusions and recommendations  
Low temperature (100 °C) CWAO of a model lignin com pound, ferulic acid, was 
investigated using various homogeneous and heterogeneous catalysts. The  
observed activity for ferulic acid CWAO using the homogeneous catalysts was 
Cu+2 > Fe+2 > Mn+2 > Ce+2 > Bi+2 > Co+2 > Zn+2 > Mg+2 >  Ni+2 
. 
Based on these results 
various supported copper catalysts were investigated. The catalysts studied were 
1. Alumina supported bulk metal oxide catalysts: (i) Cu-Al2O3,  (ii) Cu-Ni-Al2O3  (iii) Cu-Mn-
Al2O3, (iv)Cu-Co-Al2O3.  2. Kaolin supported bulk metal oxide catalysts (i) Cu-Kaolin, (ii) Cu-
Mn-Kaolin. 3. Unsupported metal oxide catalysts (i) Cu-Fe-Mn,(ii) Cu-Co-Mn, 4. Alumina 
supported highly dispersed catalyst (i) Cu-Ni-Ce-Al2O3 
Among the studied catalysts, the Cu-Ni-Ce-Al2O3 catalyst showed the highest 
activity by achieving 81% TOC removal within 2 hours at 100 °C using an oxygen 
partial pressure of 25 PSI. Cu-Mn-Al2O3 had the next highest activity achieving 
74% TOC removal under the same reaction conditions. A synergistic effect in 
terms of improved TOC conversion was also observed for multi metal catalysts. In 
addition, it was found that the presence of manganese led to improved copper 
stability for a number of catalysts. To the best of the author’s knowledge there has 
been no previously reported synergistic effect of manganese on copper stability. 
Also, all of the tested catalysts retained their crystalline patterns after CWAO of 
ferulic acid. It was observed that copper leaching was proportional to copper oxide 
loading on the tested catalysts. Also, it was concluded that a higher surface area 
support gave a higher stability and activity to copper oxide catalysts for CWAO of 
ferulic acid in comparison to unsupported catalysts. Most of the catalysts showed 
a decrease in solution pH with CWAO reaction. This was most likely due to the 
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production of low molecular weight organic acids.  In general, the catalysts’ 
composition, support, and distribution of active metal components distribution have 
shown greater influence on their stability than the effect of solution pH alone.  
The catalytic mechanism of the most active catalyst, Cu-Ni-Ce-Al2O3, was 
investigated. An experiment performed with this catalyst at higher solution pH 
using buffer and NaOH showed improved stability compared to acidic CWAO (<0.4 
ppm vs. 10 ppm of Cu leaching). On the other hand the extent of TOC removal 
was decreased for CWAO at higher solution pH (TOC removal for acidic condition 
– 81%, for NaOH solution – 44%, for sodium bicarbonate buffer – 22%). This 
showed the scavenging effect of bicarbonate buffer. The low removal using NaOH 
is most likely due to the presence of ferulic acid as ferulate ions which repel the 
catalyst’s surface, as they do not get adsorbed easily.  
An adsorption/desorption/oxidative mechanism study for Cu-Ni-Ce-Al2O3 was 
performed using a catalyst loading of 0.2 g/L for CWAO of 1000 ppm of ferulic 
acid. It was concluded that CWAO of ferulic acid using this catalyst occurs 
predominately via a heterogeneous mechanism and not due to homogeneous 
oxidation from leached metal ions. Based on CWAO experiments performed at 
100 °C and 150 °C it was concluded that, at time ze ro, 42% TOC removal was 
observed for the 100 °C test which is comparatively  less than the observed TOC 
removal of 62% for the 150 °C test (theoretically, if the TOC removal is just due to 
the adsorption then the TOC removal should be less for the higher temperature 
test.) With the help of further investigation, it was concluded that, for the 100 °C 
test, at time zero, all of the observed TOC removal is due to adsorption of ferulic 
acid on to the catalyst surface. Whereas, for the 150 °C test, at time zero, the 
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observed TOC removal of 62% was due to 1) TOC removal due to adsorption 
(~35%), 2) TOC removal due to the oxidation or decarboxylation of ferulic acid 
presumably using the catalysts lattice oxygen (~27%).  
The fate of adsorbed organics on the catalyst surface was also studied and it was 
concluded that for CWAO of ferulic acid at 100 °C u sing Cu-Ni-Ce-Al2O3 catalyst 
the mechanism of ferulic acid oxidation (removal) can be sub-divided into three 
steps: 1) firstly, the chemisorption of ferulic acid on the catalysts surface, 2) 
secondly, an oxidation reaction between adsorbed ferulic acid and molecular 
oxygen on the catalysts surface, and 3) finally, desorption of oxidation products 
back into solution. Also, it was observed that the oxidation was mainly a free 
radical oxidation mechanism as oxidation was significantly hindered by the use of 
a carbonate buffer.  
The intermediate oxidation products for CWAO of ferulic acid were identified using 
electrospray analysis and GC-MS analysis. Vanillin, vallic acid, 2-methoxy-4-vinyl-
phenol, 4-hydroxy-3-methoxy benzyl alcohol, 2-butanoic acid, and formic acid 
were identified as reaction intermediate products. Surprisingly, no acetic acid was 
identified as an intermediate product for the conducted study. Based on these 
identified intermediate products, a reaction pathway for CWAO of ferulic acid has 
been proposed.  
The Cu-Ni-Ce-Al2O3 was subjected to catalyst re-use for CWAO of ferulic acid. The 
catalyst has shown promising results by showing good activity even after 4th re-
use. The catalyst achieved ~40% TOC removal at 100 °C on 4 th re-use. It is 
important to note that catalyst was not regenerated but was only filtered and air-
 - 158 - 
dried before re-use. Hence, it was carrying over the adsorbed organic carbon on 
the surface from the previous run.  
In chapter 4, a novel synthesis route of galvanic replacement reaction 
(transmetallation) was explored to prepare supported nano copper catalysts. Cu-Ni 
catalysts were prepared and characterised using SEM, TEM, XPS, Auger imaging 
and XRD analysis. The evolution of highly porous transmetallated Cu-Ni catalysts 
was observed using time dependent SEM analysis. It was observed that the 
catalysts’ surface undergoes a range of structural changes such as hollow/porous 
ball-like structures within 1h, rosette-like structures at 2h, smaller perforated balls 
(micron-sized balls) at 4h, and finally flat Cu-Ni networks (consisting of nanowires 
and nanoribbon-like structures) at 8h of reaction. Other analysis confirmed that the 
newly develop catalysts had copper deposited on nickel foil in nano form which 
gets converted to copper oxide. Auger imaging showed that the nano copper/ 
copper oxide active sites on the nickel foil were uniformly distributed. The copper 
loading on catalysts was observed to be dependent on the structure of the 
prepared catalysts. For example, for 30 min to 4h transmetallation time, the 
catalysts undergo various structural changes from hollow/porous ball-like structure 
to smaller perforated balls. During this time the catalyst was observed to be 
accumulating a higher copper loading. While for 4h to 8h, the smaller perforated 
balls like structure at 4h was broken apart and resulted into a comparative flat 
surface for the 8h catalyst and this structural change resulted in the loss of a 
considerable amount of copper loading.    
The Cu-Ni catalysts (prepared using various transmetallation time intervals) were 
tested for CWAO of ferulic acid and fast initial kinetics were observed. The 
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catalysts were observed to achieve ~55-60% of TOC removal of ferulic acid after 
two hours. The Cu-Ni-4h catalyst was subjected to catalyst re-use and observed to 
be totally deactivated after one run. The reason for this was concluded to be due 
to carbonaceous deposits on the catalysts surface. This observation goes hand in 
hand with the fast initial kinetics observed. The highly active nano copper/copper 
oxide sites react with ferulic acid/organic present in the solution and quickly 
oxidise it. But the absence of an inert porous support (such as Al2O3) increased 
the vulnerability of active sites to blockage. This observation shows some future 
research opportunities for catalysts prepared using the transmetallation reaction. 
The transmetallation is dependent on difference in the chemical potential of the 
donor and receiver metal pair. In fact, using Nernst equation, and with the help of 
some experimental observation, the growth and structure of the developed 
catalysts can be tailor-made as per the requirements. If the donor can be 
deposited on a high surface area support, followed by transmetallation reaction 
with the acceptor, then this tailor-made catalysts may have potential to utilise the 
high activity of supported nano particles. It may have  the potential for increased 
stability and activity due to its high surface area and widely distributed active 
component – assuming the nanoparticles will form a stronger interaction with the 
supported materials.  
In chapter 5, the Cu-Ni-Ce-Al2O3, Cu-Mn-Al2O3, and Cu-Ni-4h catalysts were used 
for CWAO of black liquor (63 OC g/L and 13.1 solution pH), at three different 
temperatures (110 °C to 190 °C). It was observed th at all of the catalysts did not 
show any activity under the conditions used. The conventional catalysts also 
showed very high leaching in these tests. The lack of transformation of the results 
achieved in the synthetic tests to the black liquor was most likely due to the very 
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high concentration of organic carbon present in the black liquor and also the 
cumulative effect of the various organic and inorganic compounds of black liquor 
on the catalysts. Acidic CWAO of black liquor (after pH pre-adjustment) also did 
not show any significant improvement compared to the WAO. Hence, a two step 
process design of pH adjustment followed by WAO at 190 °C was suggested to 
treat black liquor. In chapter 6, a conceptual process design for treatment of black 
liquor was proposed that consisted of two major steps: 1) pH pre-adjustment and 
2) WAO at 190 °C. A Hazard and Operability study wa s also performed for the 
proposed process and the key safety issues were addressed.  
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Chapter 8: Appendix 
8.1 Appendix A 
 
Figure 8-1.  XRD patterns of Cu-Al2O3 catalysts (1) fresh catalyst (2) used catalyst. 
 
Figure 8-2. XRD patterns of Cu-Kaolin catalysts (1) fresh catalyst (2) used 
catalyst. 
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Figure 8-3. XRD patterns of Cu-Ni-Al2O3 catalysts (1) fresh catalyst (2) used 
catalyst. 
 
Figure 8-4. XRD patterns of Cu-Co-Al2O3 catalysts (1) fresh catalyst (2) used 
catalyst. 
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Figure 8-5. XRD patterns of Cu-Mn-Al2O3 catalysts (1) fresh catalyst (2) used 
catalyst. 
 
 
Figure 8-6. XRD patterns of Cu-Mn-Kaolin catalysts (1) fresh catalyst (2) used 
catalyst. 
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Figure 8-7. XRD patterns of Cu-Ni-Ce-Al2O3 catalysts (1) fresh catalyst (2) used 
catalyst. 
 
 
Figure 8-8. XRD patterns of Cu-Mn-Co catalysts (1) fresh catalyst (2) used 
catalyst. 
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Figure 8-9. XRD patterns of Cu-Mn-Fe catalysts (1) fresh catalyst (2) used 
catalyst. 
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8.2 Appendix B: 
Table 8-1. Summary of WAO patents (US patents in last 30 years). 
No Patent Number 
Company or 
individual 
details 
Patent summary  
1 US2006191856-A1 
3V GREEN 
EAGLE SPA  
Injection of steam at high pressure for 
wet oxidation of biological purification 
sludge.  
2 US2005279714-A1 
3V GREEN 
EAGLE SPA  
Process innovation focus. The 
process for WAO of two different 
waste stream with different COD and 
temperature.  
3 US5100560-A 
ABB 
LUMMUS 
CREST IN 
Pressure vessel design. Use for wet 
oxidation of organic waste with 
inorganic contaminants.  
4 US6379562-B1 
AIR PROD & 
CHEM INC 
Wet oxidation of carbon and nitrogen 
contaminants using nitrate as the 
denitrifying agent. Useful for highly 
acidic wastewater. 
5 US6395188-B1 
AIR PROD & 
CHEM INC 
Addition of acetate ions to reduce 
corrosiveness of waste stream and to 
improve reaction rate for WAO 
6 US5250193-A AIR PROD & CHEM INC 
Supercritical wet air oxidation with 
residence time of less than 5 minutes 
7 US2003066806-A1 
AIR PROD & 
CHEM INC 
Removal of inorganic carbon using 
nitrate salts of amines and organic 
carbon using wet oxidation with 
activated carbon.  
8 US5632900-A BABCOCK & WILCOX CO  
pH treatment to precipitate the metal 
and then wet oxidation of the chelate 
9 US5720578-A BAYER AG WAO of sludge in presence of iron ions and/or quinone  
10 US5674382-A BOC GROUP PLC 
Wet oxidation reactor design for 
introduction of oxygen  
11 US4564458-A BURLESON J C 
Deep wall supercritical wet oxidation 
of organic wastewater  
12 US4670162-A 
CANADA 
PATENTS & 
DEV LTD 
Improved WAO reactor design to 
control high temp and pressure 
reaction condition  
13 US6045663-A CHA C Y  Microwave enhanced WAO process  
14  US5417937-A CIBA GEIGY AG  
Transportable WAO reactor design 
for small scale facility  
15 US5814292-A ERG ENERGY RES 
Process improvement, wet oxidation 
of organic waste with oxidising 
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GROUP  composition  
16 US6054057-A GEN ATOMICS  
Process for hydrothermal wet 
oxidation of waste using jet mixing 
and with less than 1 minute residence 
time 
17 US5614087-A KENOX CORP  Wet Air Oxidation reactor design  
18 US4604215-A KENOX CORP  Wet Air Oxidation reactor design  
19 US5651897-A LEHMANN R W 
Wet Air Oxidation process 
development to recycle treated 
effluent back to the feed stream  
20 US5762809-A LINDE AG Wet air oxidation of organic waste 
using hydrogen peroxide  
21 US5928521-A MANNESMANN AG 
Wet Air Oxidation reactor design to 
provide better back mixing 
22 US4272383-A MCGREW J L  Process for deep wall WAO of 
organic waste 
23 US4822497-A MODAR INC 
WAO reactor design to provide 
supercritical condition at upper part 
and WAO at lower part of the reactor  
24 US5777191-A 
NIPPON 
PETROCHEM
ICALS CO 
LTD  
WAO process to treat waste soda 
25 US6632973-B1 
NIPPON 
SHOKUBAI 
CO LTD  
Wet oxidation of dioxins and/or poly 
chlorinated biphenyls (PCBs) 
26 US5053142-A; US5370801-A 
NORDISK 
KABEL 
TRAAD  
Process for treat waste by WAO 
followed by removal of heavy metal  
27 US5057220-A OSAKA GAS CO LTD 
Process for WAO of wastewater 
followed by anaerobic and/or aerobic 
treatment 
28 US5948275-A 
OTV OMNIUM 
TRAITEMENT
S & 
VALORISA  
Design of WAO process with 
optimised mineralisation of 
suspended solids 
29 US6299783-B1 
PHENOLCHE
MIE GMBH & 
CO KG 
Wet oxidation of wastewater 
generated from Hock process  
30 US2002113024-A1 PILZ S  Super critical wet oxidation design 
31 US2002070179-A1 PILZ S 
Reactor system to first dissolve 
organic waste in water without 
oxidizing them and then performing 
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supercritical wet oxidation 
32 
US200219277
4-A1; 
US6555350-
B2 
RISOE 
FORSKNING
SCENTER  
Production of ethanol from biomass 
using wet oxidation process 
33 US2008078724-A1 
SIEMENS 
WATER 
TECHNOLOG
IES CORP 
Maintaining solution pH of WAO of 
volatile organic carbon and by that 
method use present homogeneous 
transition metal as catalyst 
34 US5192453-A STANDARD OIL CO OHIO  
WAO of ammonia sulphate 
wastewater from acrylonitrile 
production 
35 US4461743-A STERLING DRUG INC  
Method of injecting oxygen to WAO 
reactor using nozzle pipe 
36 US4395339-A STERLING DRUG INC 
Method for safe start-up and shut-
down of WAO process 
37 US4369115-A STERLING DRUG INC 
Process for premixing oxygen pure 
water to prevent spontaneous 
combustion into WAO process  
38 US4350599-A STERLING DRUG INC  
Use of product CO2 for neutralisation 
of feed to the WAO reactor and to 
reduce corrosion problem  
39 US4217218-A STERLING DRUG INC 
Improved WAO process operation for 
treatment of sludge with suspended 
particles 
40 US4384959-A ZIMPRO INC 
Use of inert gas for safe operation of 
WAO reactor at high temperature and 
pressure 
41 US5891346-A 
STONE & 
WEBSTER 
ENG LTD 
A WAO process to treat sulphide 
containing alkaline effluents 
42 US5219270-A TITMAS & ASSOC INC  
Design for better energy recovery 
from WAO product stream  
43 US5147564-A TITMAS & ASSOC INC 
Process for energy from WAO 
product stream 
44 US5190665-A TITMAS J A  Process for removing ammonia from WAO reactor as ammonium salts  
45 US2006086673-A1 
EAU VIRON 
INC  
Gravity pressure vessel for wet 
oxidation of organic waste 
46 US4767543-A   
UNIV 
SHERBROOK
E 
WAO process with improved mass 
transfer  
47 US5358646-A UNIV TEXAS SYSTEM 
Oxidation of organic waste in two 
step (first supercritical oxidation 
followed by WAO) 
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48 US4234423-A US DEPT ENERGY 
WAO process to treat coal 
gasification plant wastewater 
49 US2005171390-A1 
US FILTER 
CORP 
WAO process to treat arsenic 
wastewater 
50 US4741386-A VERTECH TREAT SYST  
WAO deep well reactor design. Use 
of concentric tubes with insulation 
layer to achieve better efficiency  
51 US4774006-A 
VERTECH 
TREATMENT 
SYSTEMS 
INC  
Reactor design for WAO well with 
concentric heat exchanger through 
tubes  
52 US4692252-A 
VERTECH 
TREATMENT 
SYSTEMS 
INC 
Process for washing WAO reactor 
with acid, base, followed by buffer 
53 US4721575-A 
VERTECH 
TREATMENT 
SYSTEMS 
INC  
WAO reactor design for improved 
heat transfer and better temperature 
control  
54 US4744909-A 
VERTECH 
TREATMENT 
SYSTEMS 
INC  
Improved WAO technology using 
oxygen saturated with water vapour  
55 US4744908-A 
VERTECH 
TREATMENT 
SYSTEMS 
INC 
WAO technology for treatment of 
municipal waste in deep well with 
increased mass transfer  
56 US4671351-A 
VERTECH 
TREATMENT 
SYSTEMS 
INC  
Technological design of Heat 
Exchanger within WAO reactor for 
treatment of municipal sludge  
57 US5368750-A 
WASTE 
TREATMENT 
PATENTS & 
RES 
WAO process for treatment of 
organic wastes and spent nitric acid 
wash water together 
58 US4229296-A WHIRLPOOL CO 
WAO process for treatment of 
sewage treatment. Preheated and 
pre-pressurised wastewater and 
oxygen injection to the reactor from 
bottom of the reactor end  
59 US5641413-A 
ZIMPRO 
ENVIRONME
NTAL INC  
Wet oxidation of nitrogen containing 
wastewater using oxidising agent 
60 US5460732-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Process solution pH control using off 
gas analysis and by that way prevent 
corrosion of nickel based alloy 
61 US5389264-A ZIMPRO  WAO process design for better 
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ENVIRONME
NTAL INC 
energy recovery  
62 US5298174-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Addition of extra alkalinity to WAO of 
caustic sulphide liquor to reduce 
corrosion  
63 US5057231-A 
ZIMPRO 
ENVIRONME
NTAL INC 
WAO process design with two heat 
exchanger for heat recovery from 
effluent to heat up the influent to the 
reactor 
64 US4812243-A 
ZIMPRO 
ENVIRONME
NTAL INC 
WAO reactor design for using nitric 
acid wash to prevent scale build-up 
during WAO of caustic cyanide waste 
65  US5082571-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Addition of excess alkalinity to 
prevent corrosion to nickel-based 
alloy during WAO of caustic sulphide 
liquor 
66 US5262060-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Addition of water to vapour lines to 
prevent ammonium salt plugging 
during the WAO 
67 US5240619-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Process for two stage oxidation of 
organic waste (WAO followed by 
supercritical oxidation) 
68 US5234607-A 
ZIMPRO 
ENVIRONME
NTAL INC 
The process for stepwise start up of 
WAO reaction  
69 US5230810-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Process to control WAO solution pH 
using pH adjustment additives to the 
feed and by this way reduce the 
corrosion of WAO reactor 
70 US4749492-A 
ZIMPRO 
ENVIRONME
NTAL INC 
Process for regenerating adsorbent 
particle using wet air oxidation 
71 US4212735-A HYDROSCIENCE INC 
CWAO using nitrite, bromide or 
iodide, and transition metal ions as 
catalyst  
72 US4139461-A 
STERLING 
DRUG INC 
(STER) 
WAO process design for removal of 
unwanted accumulated solids from 
reactor  
73 US4053404-A WHIRLPOOL CO (WHIR) 
WAO process for heat exchange 
between influent and effluent to the 
reactor 
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Table 8-2. Summary of CWAO (US patents in last 30 years). 
No Patent Number 
Company or 
Individual 
details 
Patent Summary 
1 
 
US2006060541
-A1 
ABAZAJIAN A 
N  
Process for improved injectability of 
oxidizing stream down to injection 
well. Use of homogeneous catalyst 
(Cu or Mn) 
2 US6342162-B1 BAYER AG 
Removal of heavy metal using 
precipitation and recycle Cu catalyst 
for CWAO reaction  
3 US5820761-A BAYER AG 
Use of biological purification plant 
sludge as co-catalyst with iron ions to 
treat toxic organic sewage  
4 US2008078725
-A1 FELCH C L  
Use of homogeneous catalysts (e.g 
Cu or vanadium) depending on 
solution pH for CWAO to treat food 
processing waste  
5 US5534148-A FUJI PHOTO FILM CO LTD  
Process to treat photographic waste 
by WAO followed by CWAO and then 
biological treatment  
6 US4212735-A HYDROSCIENCE INC  
CWAO of organic waste using nitrite, 
bromide, and transition metal ions 
7 US4276198-A 
IT 
ENVIROSCIE
NCE 
Co-catalyst CWAO to treat toxic 
chemical (e.g dioxins). The co-
catalyst used are nitrate ion, bromide 
or iodide ions, and transition metal 
ions 
8 US5374599-A; US5399541-A 
NIPPON 
SHOKUBAI 
CO LTD 
CWAO for organic waste treatment. 
Heterogeneous catalyst use. The 
catalyst is made multi-metal and 
made by co precipitation method  
9 US2007210010
-A1   
NIPPON 
SHOKUBAI 
CO LTD  
Heterogeneous CWAO of organic 
waste. ZnO or TiO2 as support 
10 
US2001022290
-A1; 
US2004104181
-A1; 
US6797184-B2 
NIPPON 
SHOKUBAI 
CO LTD  
CWAO of organic wastewater using 
activated carbon supported catalyst 
with two active components (noble 
metal and transition metals or some 
other metals)  
11 US4751005-A 
NIPPON 
SHOKUBAI 
KAGAKU 
KOGYO 
CWAO of wastewater using catalyst 
made of activated carbon as support 
and have  noble metal and transition 
metal or inert material 
12 US5145587-A NIPPON SHOKUBAI 
CWAO of organic wastewater using 
TiO2 supported heterogeneous 
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KAGAKU 
KOGYO CO 
LTD 
catalysts (active components 1) metal 
oxide of lanthanide series 2) 
transition metal oxide or noble metal)  
13 US5158689-A 
NIPPON 
SHOKUBAI 
KAGAKU 
KOGYO CO 
LTD 
CWAO of wastewater using TiO2 
supported multi-metal catalysts 
(oxides of lanthanide series and 
transition metals) 
14 US4699720-A OSAKA GAS CO LTD  
Treatment of wastewater (containing 
high COD and ammonia content) by 
CWAO using transition metal or noble 
metal catalyst  
15 US4294706-A OSAKA GAS CO LTD  
CWAO of wastewater containing 
ammonia using transition metal and/ 
or noble metal catalyst.  Inlet pH is 8 
(80% of the total effluent inlet) and 
outlet pH is 5 to 8  
16 US4582613-A RESOURCE TECHN ASSO  
Wet oxidation of toxic organic waste 
using CuO as only oxygen source  
17 US4460628-A WHIRLPOOL CO 
CWAO of organic waste using MnO 
supported on Titanium 
18 US4294706-A 
OSAKA GAS 
CO LTD 
(OSAG) 
WAO of organic wastewater in 
presence of ammonia and transition 
metal or noble metal catalyst (influent 
pH 8 and effluent pH 5.8) 
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